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ABSTRACT 
 
Cellulose nanocrystals and their interactions with different surfactants in high ionic 
strength brine were studied to produce stable liquid-liquid interface (emulsions) and gas-liquid 
(foams) for potential application in underground CO2 storage, enhanced oil recovery, and 
biodegradation of crude oil at marine oil-spill sites. Three different but related studies were 
carried out to complete these objectives. 
Interfacial and surface properties of cellulose nanocrystals (CNC) and surfactants were studied in 
high ionic strength (I) brines and correlated to the stability of Pickering emulsions and foams. 
Bis-(2-hydroxyethyl) cocoalkylamine (CAA), dodecyltrimethylammonium bromide (DTAB) and 
Octyl-β-D-glucopyranoside (OGP) were adsorbed onto CNC in American Petroleum Institute 
(API) brine (I=1.9 M), synthetic seawater (SSW), with I=0.65 M and NaCl solutions of different 
ionic strength. Raman spectroscopy indicated that hydroxyl groups on the CNC surface interact 
with all surfactants in high ionic strength media and ionic interactions still played a role at the 
very large ionic strengths studied herein. Contact angle measurements indicated that CAA 
increased the wettability of CNC by API and SSW in dodecane; DTAB, on the other hand, 
decreased wettability. Emulsion stability studies revealed that ionic strength, wettability, 
adsorption energy, and oil content strongly affect emulsion stability, more so than surfactant 
adsorption. DTAB increased the stability of dodecane in SSW emulsions. Emulsions stable for 
over 21 months were prepared with an oil volume fraction of o=0.75.  Adsorption of CAA onto 
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CNC limits the migration of both CNC and CAA to the dodecane/brine interface, while DTAB 
adsorption has the opposite effect.  
The extent of biodegradation of C15-C20 aliphatic hydrocarbons in crude oil by Serratia 
marcescens after 5 days of incubation was improved from 1-12% to 6-19% by emulsifying crude 
oil using cellulose nanocrystals (CNC) and no added surfactant. Surface and physicochemical 
properties of prepared emulsions such as water salinity, presence of divalent ions and CNC 
concentration affect the extent of biodegradation due to their influence in emulsion stability. 
Stable oil in water (O/W) emulsions containing o=0.05 were prepared with cellulose 
nanocrystals (CNC) at concentrations Stability studies showed a greater extent of droplet 
coalescence at CNC concentrations higher than 0.8 wt % for emulsions prepared in API. 
Coalescence was more significant in high ionic strength solutions and the presence of divalent 
ions compared to monovalent ions at the same ionic strength.  
Stable scCO2 emulsions and foams with the CO2 volume fraction of 0.75 were prepared at 25
oC 
and 70oC respectively using CNC suspensions in API brine in the presence and absence of 
DTAB. The results showed that CNC suspension can stabilize scCO2 emulsions and foams that 
were resistant to creaming and macroscopic coalescence over 24 hours. DTAB containing 
emulsions as foams showed creaming at 25oC and creaming and macroscopic bubble coarsening 
at 70oC. The stability studies of heptane and PFO emulsions at 25 and 70oC showed heptane 
(comparatively polar oil) formed stable emulsions at both temperatures and PFO (comparatively 
non-polar oil) did not form stable emulsions with either CNC or CNC+DTAB conjugates present 
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in brine. CNC suspensions lowered ow between heptane and brine, however, it did not alter ow 
between PFO and brine suggesting CNCs preferentially adsorb onto the heptane-brine interface. 
The presence of CNC increased ow between heptane and DTAB-brine solution indicating the 
adsorption of DTAB onto CNC surface. Excess stress of heptane emulsions showed CNC 
stabilized emulsions had higher excess stress at a lower shear rate, whereas, DTAB+CNC 
stabilized emulsions had higher excess stress at higher shear rate. Heptane emulsions prepared 
using CNC only produced larger droplets but showed no droplet coalescence over 24 hours, 
whereas, CNC+DTAB stabilized emulsions produced finer droplets but showed droplets 
coalescence. 
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CHAPTER 1  
Fundamental Aspects of Nanocellulose Stabilized Pickering 
Emulsions and Foams 
 
 
1. INTRODUCTION  
Cellulose has recently been investigated as a major constituent of advanced materials, not 
only because of its unique physical and chemical properties but also for its potential 
renewability, low cost and relatively low toxicity to humans and the environment.[1,2] It can be 
renewable if the rate of consumption is kept at or below the rate of natural regeneration. It is one 
of the most abundant polymeric bio-based natural resources in the world with an annual 
production of 1.5×1012 tons, isolated from the cell wall of higher plants, tunicates, and some 
microorganisms such as bacteria, fungi, and algae.[3,4]
 
Despite being used for multiple purposes for over 150 years, structural properties at 
nanoscales have been unveiled relatively recently. Since 1951, when Rȧnby provided the first 
electron microscopy images of nanocrystalline cellulose,[5]  the interest in nanocelluloses have 
increased in fields including structural materials, electronics, catalysis, and emulsions.[6–8] 
Despite being very hydrophilic, it has been found that nanocellulose can migrate to and assemble 
at fluid-fluid (liquid/liquid and gas/liquid) interfaces to stabilize them.[9–12] In addition to the 
fact that nanocellulose can stabilize the fluid-fluid interface, the surface of nanocellulose are 
highly reactive due to the presence of superficial hydroxyl groups and can be easily modified to 
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impart desirable properties. [13,14]  These have been researched to produce stable 
Pickering.emulsions and foams using cellulose nanocrystals (CNCs) and cellulose nanofibers 
(CNFs). Even though a large body of research exists on applications of, and conditionsconducive 
to, CNC and CNF stabilized emulsions and foams, there are limited thorough discussions on the 
fundamental mechanisms and aspects that provide stability to such systems. In this review 
article, we summarize some of the key factors affecting the Pickering stabilization of fluid-fluid 
interfaces as a whole. We then report on the state of the art of interfaces stabilized by modified 
and unmodified CNCs and CNFs, as well as key stabilization mechanisms proposed throughout 
existing literature. 
2. NANOCELLULOSE: CHEMICAL AND PHYSICAL PROPERTIES 
Cellulose is composed of β-D-glucopyranose units linked by (1→4) glycosidic bonds and 
each glucopyranose units are corkscrewed 180° with respect to its neighbors with each of its 
repeat units referred to as cellobiose.[4] Intermolecular hydrogen bonding between hydroxyl 
groups and oxygen of adjacent molecules favor parallel stacking of cellulose chains to form a  
fibrillar structure. These structures consist of regions of high crystallinity, often referred to as 
nanocrystalline cellulose as well as regions with the distorted surface, often referred to as 
cellulose fiber.[15,16] Cellulose fibers, when subjected to mechanical treatments (ball milling, 
high-pressure grinding), break down into smaller structural units of cellulose that consist of both 
crystalline and amorphous regions, referred to as cellulose nanofiber (CNF). Controlled acid 
hydrolysis of the cellulose fibers yielded in a highly crystalline form of cellulose often referred 
to as cellulose nanocrystal or crystalline nanocellulose (CNC).[17,18] CNF and CNC vary 
significantly in terms of their structure and crystallinity, these variations arise from reasons such 
as preparation method and cellulose source (Figure 1-1). Wood pulp and sugarcane bagasse 
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derived CNC exhibit needle-like structures with an average length of 151 ± 39 nm, CNF, on the 
other hand, have complex, highly-entangled, web-like structure. XRD studies revealed CNCs 
have higher crystallinity than CNF.[19,20] Irrespective of their source and crystallinity, both 
CNF and CNC expose hydroxyl groups on their surface, which render them with surface 
reactivity. Such reactivity of CNF and CNC has been used for 1) chemical modification of 
nanocellulose surfaces via esterification, polymer grafting, oxidation and 2) non-covalent surface 
modifications such as adsorption. [21,22] 
 
Figure 1-1 Schematic diagram of the preparation of CNCs and CNFs from wood pulp along with 
their chemical and morphological structures 
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CNF and CNC exhibit other desirable properties such as low density, chirality, high 
surface area, ease to functionalize and thermo-mechanical performance. These properties have 
been utilized to explore the potential application of nanocelluloses in the development of 
biosensors,[23] optical/electronic devices,[24] drug delivery systems,[25,26] anti-microbial food 
applications, [27] and nanocomposites for advanced materials.[28,29]  Although nanocellulose 
(both crystals and fibers) are hydrophilic, a detailed study of the crystalline structure of mildly 
hydrolyzed cellulose Iβ and cellulose II, indicated that the 200 crystalline plane is preferentially 
etched.  Consequently, C-H moieties are exposed at this surface, rendering hydrophobic 
properties to it. [30–32] The presence of both hydrophilic and hydrophobic moieties implies that 
CNC and CNF can migrate to and stabilize interfaces, even though they are considered non-
surface active. This surface property of CNC/CNF has been extensively studied and used to 
stabilize the liquid-liquid and liquid-gas interface. Thus crystalline and fibrillar forms of 
nanocelluloses have also been used to prepare hydrogels, aerogels, foams, and emulsions.[33,34] 
Solid nanoparticle stabilized Pickering emulsions and foams find applications in multiple 
industries including food, pharmaceutical, cosmetic, agriculture, environmental and energy 
sectors.[14,35] While fundamental properties of Pickering emulsions are similar to traditional 
surfactant-stabilized emulsions, the mechanisms involved in stabilization of Pickering emulsions 
and foams are significantly different. Unlike surfactants, nanoparticles do not significantly 
reduce the interfacial tension between two fluids to favor and stabilize emulsion/foam droplets; 
rather nanoparticles migrate and adsorb irreversibly to the fluid interface and arrange themselves 
to form a rigid structure that prevents coalescence.[36,37] The energy requirement (Eads)  for 
desorption of spherical nanoparticles having a radius (r)  can be estimated using the equation 
given below. 
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∆𝐸𝑎𝑑𝑠 = 𝜋𝑟
2𝛾𝑂𝑊(1 ± 𝑐𝑜𝑠𝜃)
2  (1) 
where ow is interfacial tension and θ is a three-phase contact angle. It has been estimated that the 
desorption of particles from the fluid-fluid interface requires energy in the order of 105 kBT, 
while desorption of surfactant generally required on energy in the order of a few hundred kBT, 
this indicates that Pickering emulsions are generally more stable than surfactant stabilized 
emulsions. [38,39] For the rod-shaped particles such as CNC, the adsorption energy can be 
estimated assuming they are cylindrical with length L and radius rand is given by equation 
(2).[40] 
∆𝐸𝑟𝑜𝑑 = 2𝑟𝐿𝛾𝑂𝑊(𝜃𝑜𝑤 cos 𝜃𝑜𝑤 − sin 𝜃𝑜𝑤) + 𝛾𝑂𝑊𝑟
2 cos 𝜃𝑜𝑤 [2𝜃𝑜𝑤 − sin(2𝜃𝑜𝑤)]  (2) 
In equation 2, Erod is adsorption energy for rod-shaped particles ow is the contact angle, ow 
interfacial tension. In addition to these parameters rheology, and intermolecular interactions also 
play a crucial role in the stability of the particle-stabilized interface.  
In this review, advances in the understanding of nanocellulose stabilized liquid-liquid and 
liquid-gas interfaces, and the influence of surface modification on interface stability are 
discussed. After a brief introduction to mechanisms of interfacial stability, the behavior of 
modified and unmodified CNC and CNF at liquid-liquid interfaces will be discussed, followed 
by a discussion on aspects of nanocelluloses at liquid-gas interfaces. 
3. FACTORS AFFECTING PICKERING STABILIZATION OF THE INTERFACE 
Several factors (Figure 1-2) affect the ability of nanoparticles in general to stabilize the 
liquid-liquid and gas-liquid interfaces. Some of these factors will be discussed in detail in the 
following sections. 
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Figure 1-2: Properties of different interfaces stabilized by nanoparticles and nanofibers. A) the 
schematic of equilibrium interfacial storage modulus (Gi′) and critical strain of the protein-
polysaccharide layer. Reproduced from Ref. [41] with permission from the Royal Society of 
Chemistry. B) Schematic representation of Pickering particles (lipids) at the surface and/or in the 
continuous phase of O/W emulsions. Reprinted from [38] Copyright (2018), with permission 
from Elsevier. C) Static contact angles (θow) of captive dodecane droplets in surfactant solution 
on hydrophilic silicon wafers versus initial concentration of surfactant in DI water (◊) and SSW 
(□). The inset of the figure shows a schematic diagram of the oil/aqueous-phase/silica contact 
angle. Reprinted with permission from [42]. Copyright (2014) American Chemical Society." D) 
The ow of isooctane droplets stabilized by silanized particles versus particle concentration with 
inset showing particle-coated droplet in a micropipette. Reprinted with permission from[43]. 
Copyright (2003) American Chemical Society. 
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3.1. Rheology 
One of the key factors affecting the stability of Pickering emulsions and foams is the 
mechanical properties of the fluid/fluid interface, especially the interfacial elasticity and 
viscosity. The increment in viscosity and elastic properties of Pickering interfaces (Figure 1-2A) 
is often attributed to two factors: coating of droplets with solid particles and aggregation of 
particles in the continuous phase. Measurements of interfacial viscosity along with other 
rheological properties can be critical in designing a stable fluid-fluid interface, as they provide 
information about the morphology and dynamics at the interphase. [44,45] Based on the 
interfacial deformation pattern and stresses used, two distinct types of interfacial rheology 
measurements are often carried out: 
3.1.1. Interfacial dilatational rheology 
The interfacial dilatational modulus (E) relates the variation of the interfacial area (A), to 
the corresponding dilatational stresses. It is often measured via pendant drop tensiometry by 
applying a dilatational perturbation to the relative drop area, while simultaneously recording the 
interfacial tension ().  The dilatational modulus is then found by the direct application of 
equation 2.  
𝐸 =
𝑑𝛾
𝑑 ln 𝐴
    (2) 
From equation 2 it can be seen that for a stable interface, where there is a minimal change in 
surface area, the dilatational viscoelasticity is a large number compared to the unstable interface, 
where the relative area variation is more prominent. 
For measurements carried out using the oscillating drop method, a sinusoidal variation of 
the area is applied such that 
∆𝐴 𝐴0⁄ = (∆𝐴 𝐴0⁄ )𝑚𝑎𝑥 sin(2𝜈𝑡) (3) 
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Where A = A – A0, and A0 is the reference interfacial area.  The perturbation results in a 
harmonic variation of the interfacial tension 
∆𝛾 = (∆𝛾)𝑚𝑎𝑥 sin(2𝜈𝑡 + 𝜙)  (4) 
The subscript 'max' represents the amplitude of the oscillation,  is the phase shift between the 
area and the interfacial tension signals and  is the frequency.  These equations are often 
expressed in terms of angular frequency  = 2t.[46,47]  
Oscillatory surface dilatational measurements are also useful in finding the dilatational 
storage modulus (E’) and loss modulus (E”). The storage modulus is equal to the pure elastic 
contribution and the loss modulus corresponds to viscous contributions. They are calculated as  
𝐸′ = (∆𝛾)𝑚𝑎𝑥 (
𝐴0
∆𝐴
)
𝑚𝑎𝑥
cos 𝜙    (5) 
𝐸" = (∆𝛾)𝑚𝑎𝑥 (
𝐴0
∆𝐴
)
𝑚𝑎𝑥
sin 𝜙 = 𝜔𝜂𝑑    (6) 
where d is the interfacial dilatational viscosity [48,49] 
3.1.2. Interfacial shear rheology  
Interfacial shear rheology involves inducing shear at the interface without changing the 
shape/area of the interface. Analogous to dilatational rheology, an oscillatory shear test 
performed at an angular frequency , and strain amplitude 0, results in a shear deformation () 
given by 
𝜀 = 𝜀𝑚𝑎𝑥 sin(𝜔𝑡)   (7) 
The corresponding shear rate (?̇?) is  
?̇? = ?̇?𝑚𝑎𝑥 cos(𝜔𝑡)   (8) 
The shear stress () is shifted with respect to the strain by a phase angle  
 = 𝑚𝑎𝑥 sin(𝜔𝑡 + )  (9) 
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Based on these equations the interfacial shear storage (G’) and loss (G”) moduli are given by  
𝐺′ =
𝜏𝑚𝑎𝑥
𝜀𝑚𝑎𝑥
cos 𝜙   (10) 
𝐺" =
𝜏𝑚𝑎𝑥
𝜀𝑚𝑎𝑥
sin 𝜙   (11) 
Pickering interfaces are shown to have elastic properties at low strain with G’ dominating 
G”, however, as the strain is increased they exhibit plastic properties indicated by a slight drop in 
G’ and increase in G”.[50,51]   Large values of G' relative to G" are indicative of a rigid 
interfacial layer. 
3.2. Morphology and assembly of particles at interfaces 
The morphology of nanoparticles, their concentration, the surface coverage, and 
aggregation state significantly affect the stability of the fluid-fluid interface. It has been well 
established that nanoparticles migrate to the interface of fluids they are partially wetted by and 
align themselves to form a compact structure (Figure 1-2B) that helps stabilize emulsions and 
foams, generally without lowering interfacial tension. The properties of these mechanical 
barriers at the interface can be studied in terms of surface coverage and morphology.[52] Until 
recently most of the Pickering emulsions were prepared using spherical particles, however, it 
was found that ellipsoidal particles can form a more compact monolayer at the interface as 
compared to spherical particles leading to the formation of an interfacial monolayer with a higher 
elastic modulus and hence a more stable interface.[52,53] The roughness of solid particle surface 
also affects their ability to stabilize interface, silica nanoparticles that exhibited rough surfaces 
were incapable of stabilizing emulsions prepared using water as aqueous phase and 
isooctane/octanol as the organic phase. The reduced surface contact might be the reason for the 
reduced ability of rough surfaces to stabilize droplets.[43]  
Besides the morphology of the solid particles, the surface coverage of the interface by the 
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particles is also an important parameter influencing the stability of the interface. It has been 
identified that surface coverage of droplets by particles is important for stabilization of oil/water 
or gas/water interface.[38] The surface coverage (C) is defined as the ratio of a theoretical 
maximum surface area susceptible to coverage by particles(SM) to the total surface area 
displayed at the interface (SI).[54,55]  
    𝐶 =
𝑆𝑀
𝑆𝐼
   (9) 
For cuboid nanoparticles having a length (l), width (w), height (h) and density (ρ) and mass (m) 
    𝑆𝑀 = 𝑁𝑝 × 𝑙 × ℎ =
𝑚
ℎ𝜌
  (10) 
Where Np is the number of particles 
And for droplet size having a Sauter mean radius (r) and Sauter mean diameter of (d32) 
    𝑆𝐼 =
3𝑉𝑜𝑖𝑙
𝑟
    (11) 
Combining, (9), (10), and (11) we get  
    𝐶 =
𝑚𝑑32
6ℎ𝜌𝑉𝑜𝑖𝑙
    (12) 
Low surface coverage resulted in the coalescence of emulsion droplets stabilized by 
colloidal particles.[38,54] It has been further identified that a critical degree of surface coverage 
is attained in a system where the number of particles is not sufficient to cover entire interface, 
during such process, the droplets will coalesce rapidly until the critical coverage is attained.[56]  
However, it has also been proposed that if multiple layers of nanoparticles exist at the interface, 
further adsorption can lead to droplet coalescence.[40,57] 
3.3. Surface/Interfacial tension 
Lowering of interfacial tension between two fluids is critical for surfactant-stabilized 
droplets. Adsorption of surfactant at interface favors droplets formation due to low interfacial 
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tension, besides, they also prevent coalescence and Ostwald ripening.[58] Solid unmodified 
nanoparticles, however, do not generally lower interfacial tension between two fluids (Figure 1-
2D), they rather form a mechanical barrier at the interface thereby preventing coalescence of the 
droplets.[43] In systems containing insoluble dispersed particles where measurement techniques 
such as Du Nuoy ring and Wilhelmy plates do not provide accurate results due to kinetics of 
particle migration to the interface, it is a common practice to use methods such as axisymmetric 
drop shape analysis, in addition to capillary force, drop weight and maximum bulk pressure 
measurements are often used to measure interfacial tension (ow) between two immiscible fluids 
using the Young-Laplace equation.  
    ∆𝑝0 = Δ𝜌𝑔ℎ − 𝛾𝑜𝑤 (
1
𝑅1
+
1
𝑅2
)   (13) 
Where Δp is Laplace pressure, and R1 and R2 are radii of curvature of a pendant drop and ρgh is 
the hydrostatic pressure. Surface and interfacial tension play a critical role in facilitating the 
formation of droplets and bubbles. Equation 14 shows that the free energy of droplet formation 
(Gdrop) is controlled by ow and temperature (T). 
∆𝐺𝑑𝑟𝑜𝑝 = 𝐴𝑂𝑊𝛾𝑂𝑊 + 𝑛𝑝(∆𝐸𝑎𝑑𝑠 − 𝑇∆𝑆𝑎𝑑𝑠)   (14) 
In the equation above, Aow is the interfacial area, np is the number of particles and Eads is the 
adsorption energy of particles and fluid-fluid interface. The effect of the entropy term (Sads) in 
the equation is expected to be relatively small for large particles. It should be noted that Eads is 
can be further expanded (See equation 1) to reveal that it depends on the wettability of particles 
by the fluids, indicating that interfacial tension, particle concentration, and wettability are factors 
the govern droplet formation. 
There is little evidence that indicates interfacial tension between two fluids is affected by 
the adsorption of unmodified nanoparticles at the interface of two fluids. Bare silica does not 
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lower the surface/interfacial tension between air/water and trichloroethylene (TCE)/water, 
however, a coating of these nanoparticles with sulfonated polystyrene resulted in a decrease in 
interfacial tension between TCE/water indicating that the grafted polymer penetrated the 
oil/water interface.[59,60] Nanoparticles grafted with hydrophobic polymers increases the 
hydrophobicity of nanoparticles, at the interface the hydrophobic polymer arrange themselves 
such that they are partitioned towards the oil phase while the nanoparticles are partitioned 
towards the aqueous phase such alignment of polymer-grafted nanoparticles also reduce the 
surface tension.[61,62]  
3.4. Adsorption/ wettability  
Adsorption of nanoparticles at the fluid interface is a single phenomenon critical to 
stabilizing Pickering emulsions and foams. The nanoparticles adsorb at the interface to form a 
monolayer, they form a rigid mechanical structure that prevents the fluid-fluid interface from 
coalescing thereby improving the stability of emulsions and foams. The stability due to 
adsorption primarily arises from the high energy required (Eads) for desorption of nanoparticles 
from the interface as indicated by Equation (1).[42,63–65] As mentioned earlier, physical 
properties (shape, size) and surface chemistry of nanoparticles are crucial in determining 
adsorption/ wettability of nanoparticles and hence their ability to stabilize the fluid-fluid 
interface.[66]  Particles can be used to stabilize both O/W and W/O interfaces provided that both 
fluids partially wet the surface of the particles, however, the type of emulsion/foam stabilized by 
the particle depends on the wettability of particles. Wettability of a particle can be calculated by 
the measurement of the three-phase contact angle (Figure 2C) between particle, organic, and 
aqueous phase, as shown in Equation 1. These contact angle values can be used to estimate the 
relative position of the particles at the interface.54,55  
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cos 𝜃 =
𝛾𝑝𝑜−𝛾𝑝𝑤
𝛾𝑜𝑤
    (1) 
Where γpo is interfacial tension between particle and oil phase, γpw is interfacial tension between 
particle and water and γow is interfacial tension between oil and water and θ is the three-phase 
contact angle. Particles that have contact angle in the range of 0o ≤ θ ≤ 90o and hence are 
inherently hydrophilic stabilize interfaces O/W interfaces, whereas hydrophobic particles with 
contact angle ranging from 90o ≤θ 180o stabilize W/O interfaces. [66–70]  
 
3.5. Intermolecular and surface forces 
The stability of the fluid-fluid interface is governed by intermolecular forces (IMFs) and 
forces between surfaces and fluid. The stability of the interface is governed by the colloidal 
stability of particles. It should be noted that the interactions listed are not exhaustive and it is 
outside the scope of the current study to discuss each of these interactions in detail. This article 
will only discuss these forces very briefly in a qualitative manner and serve to provide a brief 
introduction to the subject. IMF and surface forces acting on colloidal systems can be broadly 
categories into 
1. DLVO interactions 
a. Van der Waals forces 
b. Electrostatic double-layer forces 
2. Non-DLVO interactions 
a. Hydration forces 
b. Hydrophobic interactions 
c. Depletion forces 
3. Capillary forces 
14 
 
3.5.1. DLVO interactions  
DLVO interactions have been used to successfully explain the properties of many 
colloidal systems, emulsions, and foams.[71,72] Van der Waals interactions are short-range 
attractive forces that arise due to the oscillation of electron clouds. The strength of van der 
Waal’s attraction is affected by the dielectric properties of colloidal particles and background 
medium. [72–75] Electrostatic double-layer interactions occur due to the formation of non-
homogenous charge distribution around the surface of colloidal particles that have a surface 
charge. The layer of charge is often called double layer and the width of the layer (Debye length) 
depends on the concentration of electrolytes in the medium. Debye length (λD) is measured using 
equation (16) and is dependent on the electric permittivity of medium (ε), the concentration of an 
ith component in bulk solution (Ci) and valency of i
th electrolytes present in the solution (Zi) [72–
78]  
𝜆𝐷 = √(
𝑒2
𝜀𝜀0𝑘𝐵𝑇
∑ 𝐶𝑖𝑍𝑖
2
𝑖 )   (16)  
Where e is the charge of an electron, ε0 is dielectric constant, kB is Boltzmann constant, and T is 
the temperature. Van der Waals forces and electrostatic double-layer forces are often also 
reported as DLVO forces. Hence, DLVO theory can be used to explain the stability of aqueous 
colloidal suspension as an interaction between van der Waals force and repulsive electrostatic 
double-layer force.[72] Electrostatic double-layer pressure between two charged surface, 
wherein there are no interactions between counterions and the surface, can be estimated using 
contact value theorem expressed in equation (17), where P(D) is double repulsive pressure at 
distance D, k is Boltzmann constant, T is temperature ρs and ρm are ionic densities at surface and 
midplane respectively. 
𝑃(𝐷) = 𝑘𝑇[𝜌𝑠(𝐷) − 𝜌𝑠(∞)] = 𝑘𝑇[𝜌𝑚(𝐷) − 𝜌𝑚(∞)] (17) 
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3.5.2. Non-DLVO interactions 
As the proximity between two surfaces reduces to the nanometer range, the theory of 
DLVO forces often fails to describe the interactions between 2 surfaces. At such proximity, 
another set of short-range forces dominates DLVO forces. These short-range forces are often 
described as non-DLVO forces and can be attractive, repulsive, or oscillatory. Solvation of 
solutes/ particles in the aqueous phase can be affected by properties of both solvent and surfaces, 
at short range solvation (hydration if water) interaction arises between particles and extended 
surfaces. Equation 10 can be extended to estimate repulsive solvation pressure is given by 
equation (18). [79] 
𝑃(𝐷 → 0) = −𝜌(∞)𝑘𝑇 (18) 
While the solvation force discussed earlier can be oscillatory depending on the 
separation, solvation forces can also be monotonically repulsive or attractive depending on the 
properties of solvent and surfaces. If the solvent in consideration is water hydration forces can 
act as repulsive forces whereas hydrophobic interactions can act as attractive forces.[80] Yet 
another non-DLVO force that could play an important role in colloidal stabilization of systems 
consisting of particles and polymer/surfactants is depletion forces. These forces arise when large 
macromolecules are suspended in a dilute solution of non-adsorbing polymers/micelles due to 
the exclusion of small non-adsorbed species (depletants) from the space between two large 
particles when the particles are close enough. Depletion forces are equal to osmotic pressure 
outside the gap between two particles and can be either attractive (promotes flocculation) or 
repulsive (prevents flocculation) in nature depending on the distance between the particles, 
concentration of depletant.[81–84] Derjaguin approximation (Equation 19) is often used to 
quantify depletion forces (fs) between particles of radius R, separated by the distance h and have 
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osmotic pressure .  
𝑓𝑠(ℎ) = −𝜋𝑅 ∫ Π(ℎ
′)𝑑ℎ′
ℎ
∞
   (19) 
3.5.3. Capillary forces 
Capillary forces are caused by the formation of the thin film at the curved interface 
between fluids. The curvature at the interface generated due to surface/interfacial tension of the 
fluids creates capillary pressure that is used as a measure of the stability of the film which in turn 
is correlated stability of the interface (emulsions/foams). Maximum capillary pressure (𝑃𝑐
𝑚𝑎𝑥) 
provides the measure of the maximum pressure the thin film between the fluids can withstand 
before it ruptures resulting in droplet/bubble coalescence. Denkov (1992) developed a model to 
calculate (𝑃𝑐
𝑚𝑎𝑥) for the thin film between two fluids with surface tension () stabilized by a 
monolayer of spherical particles of radius R, they found that the maximum capillary pressure can 
be calculated using equation 20. 
𝑃𝑐
𝑚𝑎𝑥 = 𝑝∗
2𝜎
𝑅
   (20) 
Where p* is a positive dimensionless parameter that is a function of interface coverage and 
packing parameter of the particles at the interface.[85,86] This equation was further extended to 
develop equation 14 which can be used to calculate maximum capillary pressure in the film 
stabilized by a double layer of particles that take hexagonal packing formation. 
𝑃𝑐
𝑚𝑎𝑥 = 𝑝∗
2𝜎
𝑅
(cos 𝜃 + 𝑧)  (21) 
In equation 21,  is the contact angle between particle and fluids and z is a constant dependent on 
the arrangement of fluids in the film.[57,87] The films when initially formed are in swollen state 
and drain until the equilibrium is reached, the kinetics of film thinning (lamella drainage) can be 
characterized by an equation known as Reynolds equation (Equation 22).  
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−
𝑑𝐻
𝑑𝑡
=
2𝐻3∆𝑃
3𝜇𝑅𝑓
2    (22) 
Where H is the film thickness, t is drainage time, P is the pressure drop causing the film 
thinning,  is bulk viscosity and Rf is the film radius.[88,89] 
4. STABILIZATION OF LIQUID-LIQUID INTERFACE 
Both CNCs and CNFs (modified/unmodified) have been used extensively to stabilize the 
liquid-liquid interface to form emulsions and emulsion gels and numerous studies have shown 
their ability to stabilize liquid-liquid interface. [90–94] In general, there is a consensus in the 
existing literature that partial wetting of nanocellulose by fluids is critical to the stabilization of 
the interface. However, as mentioned in earlier sections factors such as morphology, surface 
activity, and intermolecular forces are also important in determining the ability of nano cellulosic 
particles to stabilize an interface. Unmodified CNCs/CNFs are extensively known to stabilize 
O/W type emulsions [37,54,95] while surface-modified nanocelluloses with increased 
hydrophobicity have been successfully used to prepare W/O emulsions.[96,97] The following 
section highlights studies that used unmodified CNC/CNF to prepare CNC Pickering emulsions 
along with discussions on the factors that determine the mechanisms of Pickering stabilization.  
4.1. Stabilization of liquid-liquid interface by unmodified nanocelluloses  
4.1.1. Rheology 
Both CNC and CNF have been used to modify the rheological properties of the aqueous 
phase for various applications. [98–101] The tendency of CNC and CNF form H-bonding with 
neighboring water molecules resulting in the formation of a percolated network which causes an 
alteration in the rheological properties of the aqueous suspension. CNC and CNF suspensions 
exhibit shear-thinning, viscoelastic properties, often with enhances storage modulus in the 
aqueous medium. [99,101,102] In addition to the aqueous suspension, nanocellulosic material 
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has also been reported to improve the stability of liquid-liquid interface by altering its 
rheological properties and hence stabilizing the Pickering emulsions. Rheological properties of 
CNC and CNFs stabilized O/W emulsion prepared using hexadecane and 50 mM NaCl were 
examined. Visual examination of the prepared emulsions indicated that CNC stabilized 
emulsions were flowing whereas CNF stabilized emulsions were gel-like. The dynamic 
mechanical properties of the emulsions studied using small amplitude oscillatory shear (SAOS) 
showed G’>G” for emulsions prepared using both CNC and CNF, with G’ and G” two orders of 
magnitude greater for CNF stabilized emulsions (Figure 1-3).[103] The increased viscoelastic 
properties were attributed to the interconnections that strongly strengthen the emulsions. 
Furthermore, large amplitude oscillatory shear (LAOS) studies of the CNC stabilized emulsions 
were carried out to study properties variation in relation to droplet size and size distribution, and 
stability. Strain sweep measurements were carried out up to 100%. The results indicated that 
after deformation, CNC stabilized emulsions showed the ability to return to their original state. 
CNF emulsions, on the other hand, showed improved mechanical stability but were unable to 
their original state after deformation. The authors suggest that the disruption of CNF fibers and 
potential desorption of CNF from the interface after deformation could potentially explain the 
results. [104] CNF stabilized emulsions also shows a prominent increase in viscosity [105,106] 
due to the formation of a percolated network of its fibers in the aqueous phase, this results in the 
entrapment of the droplets within the network which promotes emulsion stability by limiting the 
droplet collision and coalescence.  
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Figure 1-3: Dynamic moduli for the emulsions with the W/O ratio of (a, a’) 90/10 and (b, b’) 
70/30. The CNF loading dependences of low-frequency dynamic moduli for these two emulsion 
systems are summarized in (c) and (d). Reprinted from, [[103]] Copyright (2019), with 
permission from Elsevier.  
 
 
4.1.2. Particle adsorption, concentration and surface coverage 
Particle adsorption can affect the extent of their ability to stabilize an interface. It has 
been found that a monolayer of ellipsoidal particles exhibits high surface modulus and produce 
more elastic monolayer, and more yield structured orientation than spherical particles. [107,108] 
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These findings suggest that features such as the rod-like shape of CNC along with its high aspect 
ratio can be exploited to prepare the stable liquid-liquid interface. Kalashnikova et al. first 
reported the use of CNC obtained from hydrolysis of bacterial cellulose by hydrochloric acid to 
stabilize hexadecane/styrene emulsions in DI water. The concentration of bacterial cellulose 
nanocrystals (BCN) affected the stability of emulsions to creaming and droplet size. It was found 
that the average droplet diameter decreased with an increase in BCN concentration, however, at 
BCN concentration ≥ 2 g/L the emulsions droplets plateaued with no effect of BCN 
concentration on droplet size beyond this concentration. The organization of BCN at the 
interface was studied in terms of surface coverage, it was found that at low BCN concentration 
droplets showed identical surface coverage of 60% minimum required for the formation of stable 
emulsions. At a higher concentration of BCN, the surface coverage increased with an increase in 
BCN concentration. It should be noted that the surface coverage calculations are based on the 
area covered by individual BCN, while in reality, aggregates are likely to be formed at the 
interface implying that the calculated values are likely an overestimate of actual coverage. In 
addition to surface coverage, the authors postulate that a thin cross-section of BCN (7nm) allows 
for a certain degree of flexibility, with the curvature of BCN and hence its organization at the 
interface limiting the size of the droplets formed by BCN (Figure 1-4). Other studies have also 
identified the surface coverage and limited coalescence as important factors guiding stability of 
CNC based Pickering emulsions.[53,109,110] The structure of the oil-water interface stabilized 
by charged and uncharged cotton CNC was studied in hexadecane/styrene droplets using small-
angle neutron scattering. It was found that the thickness of the CNC stabilized interface (7nm for 
charged and 18nm for uncharged) did not change with the increase in CNC concentration or 
addition of 5 mM (for desulfated CNC) to 50mM (for sulfated) NaCl into the aqueous phase 
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(Figure 4-g). It was suggested that the CNC adsorb at the interface as a monolayer and that the 
organization of CNCs at the interface is such that they interact with oil phase-only via their 
hydrophobic (2 0 0) plane (Figure 1-5A).[32,53] 
 
Figure 1-4: Morphology of CNC stabilized styrene emulsions (a, b), orientation of CNC at the 
oil-water interface (c-f) and the schematics of CNC packing and orientations based on small-
angle neutron scattering. Adapted with permission from [109]. Copyright (2016) American 
Chemical Society 
4.1.3. Intermolecular and surface forces 
Forces acting to stabilize the liquid-liquid interface can be broadly categorized as 
intermolecular forces acting between the nanocellulose particles and the forces acting to drive 
adsorption of CNC/CNF at the interface. The forces thus acting in the Pickering stabilization of 
the interface will primarily depend on the surface properties of the nanocellulose, and 
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components present at the interface. It is thus often the case that forces responsible for Pickering 
stabilization be are discussed on a case by case basis, but few important forces have been 
discussed in the literature. Electrostatic double-layer forces and van der Waals forces between 
the charged surface sulfated CNC are discussed frequently in studies that use CNC to stabilize 
emulsions. Cotton derived sulfated CNC (0.1 wt%) with a surface charge density of larger than 
0.03 e/nm2 were unable to stabilize the hexadecane in water emulsion, however, neutralization of 
surface charge by HCl resulted in the formation of stable emulsions. It was further observed that 
the average droplet diameter of emulsions decreased with a decrease in surface charge. The 
electrostatic repulsion between charged CNC limits their adsorption to the oil-water interface 
thereby diminishing their ability to stabilize the emulsions. [32] Varanasi et al., however, 
stabilized canola oil and hexadecane emulsions using unmodified CNC (1 wt%) with the surface 
charge density of 0.11 e/m2. The authors argue that at high enough CNC concentration, they start 
to form aggregates due to H-bonding between themselves and water molecules, these aggregates 
have a higher force of attraction that dominates the repulsive force between CNC and interface, 
resulting in adsorption of the aggregates. [111] The addition of electrolytes to the aqueous 
suspension screens the surface charge, this results in van der Waals force of attraction, inter and 
intramolecular H-bonding and hydrophobic interactions between nanocelluloses being more 
dominant than the electrostatic repulsion causing the CNC to form aggregates, which facilitates 
the stabilization of emulsions. [106,111] 
In a different study, O/W emulsions containing 10 wt% sunflower oil in 0.16 wt% NaCl 
solution were prepared using the combination of unmodified CNC and non-adsorbing CNF using 
a two-step sequential addition method. CNC stabilized Pickering emulsions were first prepared 
and then followed by the addition of CNF at varying concentrations. The authors suggest that the 
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addition of CNF within induces depletion forces resulting in the flocculation of emulsion 
droplets (~2m), with the extent of flocculation increasing with increasing CNF concentration 
until a critical CNF concentration (0.2 wt%). Furthermore, at CNF concentration higher than 0.3 
wt% the authors attributed the emulsion stability to the formation of emulsion gels due to the 
formation of the CNF network in the medium. The findings thus indicate that at intermediate 
concentration range, CNF can improve the stability CNC Pickering emulsions by depletion 
forces, while at higher CNF concentration the stabilization mechanism could be due to the 
formation of emulsion gels. [112] 
4.1.4. Adsorption and wettability 
Adsorption and wettability are yet another key factors that affect their ability to stabilize 
the liquid-liquid interface. CNC and CNF are not surface active but can adsorb to many oil-water 
interfaces and thereby stabilizing it. CNC exhibits an excellent ability to adsorb to the interface. 
Wide-angle X-ray spectroscopy of CNCs indicates that crystalline planes of the CNC are not 
identical and consist of a flat hydrophobic plane (2 0 0) which imparts amphiphilic properties to 
CNC (Figure 1-5A). [32] Furthermore, it has been suggested that CNCs orient themselves at the 
interface along their length and interact with the oil phase via their hydrophobic plane.[53] 
Despite being very hydrophilic due to the presence of a free hydroxyl group on their surface, and 
relatively small water contact angle (=22o) for unmodified CNC and water contact angle of 62o 
for transesterified CNCs they do adsorb to the oil-water interface (Figure 1-5B).[113–115] 
Unmodified CNF, on the other hand, exhibits a relatively larger water contact angle (=53o) 
[116], however, the mechanism by which they adsorb to the interface has not been properly 
understood. Interestingly, despite small water contact angles, both CNC and CNF have been 
successfully used to stabilize different kinds of liquid-liquid interfaces, especially when the 
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charges on the surface are screened either by the addition of electrolytes or by adjustment of 
pH.[117] Since both CNC and CNF in their unmodified state have contact angle less than 90o 
they align themselves more towards the aqueous phase, the emulsions stabilized by these 
nanocelluloses always have oil as a discrete phase and aqueous suspension as the continuous 
phase in an emulsion they stabilize. It should be noted that measuring static contact angle on 
CNC/CNF films is very challenging due to the absorption of water molecules by the films 
resulting in film swelling and continuous decrease in measured contact angle. Furthermore, the 
values of the measured angle differ based on the method used for film formation, cellulose type, 
and surface modifications. [118] 
 
Figure 1-5: A) Schematic diagram depicting the orientation of CNC at the hexadecane-water 
interface via its (2 0 0) hydrophobic plane. Reprinted with permission from [32]. Copyright 
(2012) American Chemical Society. B) Water contact angle (ow) of unmodified and modified 
CNC. Reprinted from [115], Copyright (2017), with permission from Elsevier. 
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The discussions above clearly indicate that multiple factors are involved in the Pickering 
stabilization of liquid-liquid interface by CNC and CNF. While enhanced rheological properties 
determine the improvement in viscoelastic properties of the interface, it is adsorption and 
wettability that determine whether a given interface can be stabilized by unmodified 
nanocelluloses. Furthermore, the concentration of nanocellulose also has a profound impact on 
their ability to stabilize and enhance the stability of interface along with surface charge density 
of the particles. While the importance of surface charge density on the ability of nanocellulose to 
stabilize the liquid-liquid interface might be debatable, studies point out that screening of surface 
charge allows for interface stabilization at a significantly lower concentration. While 
intermolecular and surface interactions driving interface stabilization varies from one system to 
another, it can be concluded that forces such as electrostatic double-layer repulsion between 
charged particles, van der Waals force of attraction, H-bonding between nanocelluloses and 
depletion forces are extensively discussed in the literature involving nanocellulose stabilized 
emulsions. Interestingly, to the best of the authors' knowledge, no study has discussed capillary 
forces while discussing nanocelluloses stabilized interfaces despite it being discussed for other 
inorganic nanoparticles. [119,120] 
4.2. Stabilization of liquid-liquid interface by modified nanocelluloses 
CNC and CNF in their unmodified form have been used to stabilize liquid-liquid 
interfaces, especially when the charges on the surface have been screened by either the addition 
of electrolytes, adjustment of the pH, or modification of synthesis protocol but are limited in 
functionality. [54,117] Superficial hydroxyl groups of these nanocelluloses provide sites for 
surface reactions that can modify surface properties of the nanocellulose. The modifications, in 
general, are usually performed to increase hydrophobicity, responsiveness to external stimuli 
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such as pH, temperature, and magnetic field. [10,121,122] Unmodified CNC/CNF generally 
stabilizes O/W type emulsions, hence surface modifications are also desired to prepare W/O type 
or multiple emulsions using CNC.[96] Numerous studies in recent years have used various 
modifications of nanocellulose to enhance their ability to stabilize the liquid-liquid interface. 
Chemical modification of the CNC/CNF surface takes the form of polymer grafting, tempo 
mediated oxidation, cationization, esterification, and non-covalent surface chemical 
modifications.[4] The following section will discuss some key factors that govern Pickering 
stabilization by modified CNC and CNF. 
4.2.1. Rheology  
Similar to the studies comprising of unmodified CNC/CNF, rheological properties of 
emulsions prepared using modified nanocelluloses are studied to examine the viscoelastic and 
flow properties of the emulsions. Chemical modifications performed on the CNC surface 
increase viscosity of the emulsions prepared, primarily due to the formation of nanocellulose 
network in the aqueous phase and in general, surface modified nanocellulose emulsions exhibit 
gel-like behavior. [121,123–125] Interestingly, it was found that the addition of acetic acid or 
NaCl to rapeseed oil emulsions prepared using tempo oxidized CNF (T-CNF) resulted in a loss 
of viscosity. The authors argue that the stabilization of the T-CNF network in the aqueous phase 
is driven by electrostatic repulsion between the CNF particles, the addition of acid/ electrolytes 
screen the negative charge on the surface causing the network to collapse and hence destabilizing 
of emulsions. [126] It can be argued that screening of surface charge by electrolytes can promote 
inter-fiber interactions resulting in the formation of a stronger network, however, the authors 
argue that the addition of electrolytes or protonation of carboxyl groups on the T-CNF surface 
can result in irreversible aggregation and collapse of nanocellulose network. In addition to 
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increasing viscosity, surface modification of nanocelluloses also improves the viscoelastic 
properties of emulsions they stabilize. [127,128] Pandey et al. performed desulfation of CNC 
using acid (a-CNC) and base (b-CNC) treatment to reduce the surface charge density of CNC 
and prepared emulsions using dodecane in DI water. The flow behavior of emulsions was studied 
as a function of time in linear viscoelastic (LVE) region. The results indicated that all emulsions 
showed gel-like behavior and G’ values were higher for both a-CNC and b-CNC compared to 
unmodified charged CNC (Figure 1-6a,1-6b). Furthermore, for a-CNC storage modulus (G’) 
increased between 1 day and day 7 and then plateaued whereas for b-CNC the value of G’ 
decreased between day 1 and day 7 before it plateaued. It is suggested that the increase in G’ 
observed in a-CNC emulsions in partly due to the strengthening of the droplet network due to 
short-range interactions, while the drop seen in b-CNC emulsions are due to the coalescence of 
droplets resulting in a decrease in the number of droplet contact points. Strain sweep of 
emulsions prepared using the CNC showed similar rheological behavior after day 1, however, 
after day 7, for emulsions consisting of more than 5 mgCNC/mloil showed weak strain overshoot in 
loss modulus. It has been discussed that such weak overshoot can be correlated to bond breaking 
and rearrangement in attractive emulsion droplets. [127,129,130] 
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Figure 1-6: Factors affecting the stability of liquid-liquid interfaces by modified nanocelluloses. 
(a) LVE storage modulus for a-CNC stabilized emulsions, and (b) b-CNC stabilized emulsions 
after different aging times. Reprinted from [127], Copyright (2018), with permission from 
Elsevier. (c) Oil droplet size in o/w emulsions as a function of the concentration of 
bifunctionalized CNC. Reprinted from [131], Copyright (2016), with permission from Elsevier. 
(d) AFM image of the model surface of STAC-modified CNCs rinsed with Toluene (left) and 
water droplet on STAC modified CNC film for contact angle measurement (right). Republished 
with permission of RSC, from [114]; permission conveyed through Copyright Clearance Center, 
Inc. (e) Surface tension as a function of CNC concentration (star-unmodified CNC, circle-
modified CNC) with pictures of 0.1wt% CNC at pH 12 and (f) ow (star-heptane/water; circle-
toluene/water) at different concentrations of PDMAEMA-g-CNC (pH 12). Reprinted with 
permission from [132]. Copyright (2014) American Chemical Society. 
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4.2.2. Particle morphology, concentration and surface coverage 
The size and the crystallinity of CNC and CNF can be altered to a certain extent during 
the commonly used reactions to modify their surface properties. Slight shortening of the length, 
widening of the particles due to increased short-range particle interactions and decrease in 
crystallinity have been reported, while in other cases, the crystallinity remains unaffected. 
[131,133,134] A more critical factor governing the stability of the liquid-liquid interface is the 
concentration of modified nanocellulose used for stabilization of interface. Desulfation of CNC 
results in stabilization of the dodecane-water interface as minimal surface charge results in 
diminished electrostatic repulsion between the fluid-fluid interface, aggregation of particles and 
their adsorption at the interface. In a trend similar to desulfated BCN, D[3,2] of hydrophobic 
nanocellulose stabilized emulsions decrease with increasing nanocellulose concentration and 
finally plateau beyond a critical concentration (Figure 1-6c).[124,131,135] 0.5 wt % 
poly[NIPAM] grafted CNC were able to stabilize 71% of heptane emulsions in DI water whereas 
the equivalent concentration of unmodified CNC was unable to stabilize the emulsions.[10] 
Polystyrene grafted CNCs (PS-CNC) produced stable emulsions in toluene and water at a 
concentration of 0.3 wt% and above, with droplet size decreasing with an increase in the 
concentration of PS-CNC and plateaued at the PS-CNC concentration of 0.5 wt%. Selective 
grafting of polystyrene at one end of the CNC imparts amphiphilic behavior to the CNC driving 
CNC portioning at the oil-water interface. Surface coverage at maximum D[3,2] indicated that 
for more polar hexadecane 50% coverage of interface by CNC was sufficient to stabilize the 
emulsions with a smaller diameter (4 m) compared to 140% coverage required for less polar 
toluene (diameter = 14 m). [135] Nanocellulose surfaces have also been modified using simple 
physical adsorption of surfactants and water-soluble polymers onto the CNC surface. 
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[40,136,137] Pretreatment of CNC with hydroxyethyl cellulose (HEC) or methylcellulose (MC), 
formed more stable emulsions and finer droplets than either CNC or polymers. The authors argue 
that 75% of the oil-water interface is covered by polymer-coated CNC based on the assumption 
that all CNC adsorb to the interface and the thickness of the polymer layer at the interface is 
10nm. [136] These studies indicate that the surface modification of nanocelluloses enhances their 
ability to stabilize the liquid-liquid interface. The concentration and size of the nanocelluloses 
dictate emulsion droplets size at a lower concentration, and beyond certain critical concentration, 
the droplet size becomes independent of nanocellulose concentration. 
4.2.3. Surface and interfacial tension 
Surface and interfacial tension are two forces that are significantly affected by surface 
modification of nanocelluloses. Since both CNC and CNF in their natural state are highly 
hydrophilic, most of the nanocelluloses surface modifications (except deposition of iron oxide 
particles) involve increasing the hydrophobicity of the particles without altering their physical 
properties. Such hydrophobic modifications often result in CNC/CNF exhibiting surface-active 
properties by altering the surface and interfacial tension of the gas-liquid or liquid-liquid 
interface. [132,136,138,139] Studies have shown, surface modifications such as polymer 
PDMAEMA grafting, succinylation, and carboxylation results in both CNF and CNC decreasing 
of the surface/interfacial tension between two fluid components by adsorbing at the interface 
(Figure 1-6e,1-6f). [132,138] Surface tension between air and an aqueous suspension of modified 
CNF and CNC were examined using a force tensiometer. The results indicated both modified 
and unmodified nanocelluloses altered the surface tension, with the addition of succinate and 
carboxylate functional groups onto CNF and CNC surfaces respectively altering it to a greater 
extent. Furthermore, it was found that at concentrations above 0.1 wt%  the surface tension 
31 
 
increased until the value of unmodified nanocellulose.[138] These observations are contrary to 
other findings that suggest that unmodified CNF/CNCs do not affect the surface tension between 
fluids. [40,136,139] Du Nuoy ring method is commonly not used to measure surface/interfacial 
tension of nanoparticle dispersion due to the long-time required for particles to migrate and 
adsorb to the interface and due to concerns regarding adsorption of hydrophilic particles to the 
ring itself. While it is plausible to assume that modified nanocelluloses with increased 
hydrophobicity are likely to be surface-active and migrate to the interface quicker, the adsorption 
of particles to the ring should be considered when analyzing surface tension measurements. The 
impact of physical adsorption of polymers and surfactants on the surface and interfacial tension 
between fluids has been studied. It has been found that polymers such as hexamethyl cellulose 
(HEC) and methylcellulose (MC) did not affect interfacial tension on their own and neither did 
CNC. Adsorption of these polymers onto the CNC surface, however, lowered the interfacial 
tension between dodecane and CNC suspension with increasing polymer concentration and 
plateaued at the interfacial value corresponding to pure polymers. [136] In the case of 
surfactants, adsorption of surfactants onto CNC surface resulted in surface tension vs surfactant 
concentration shifting to higher concentration and increasing the critical micelle concentration of 
surfactants in solutions. Such impacts have been very prominent in some conditions and were 
absent in others,[40,139] it is not clear at this moment about the factors causing such 
observations.  
4.2.4. Adsorption and wettability 
Similar to the surface and interfacial tension, one of the major impacts of surface 
modifications of nanocelluloses is alterations in the wettability of these particles by water. The 
hydrophilic nature of CNCs/CNFs implies that the measured water contact angle (WCA) 
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between the unmodified particles and DI water is =22o for spin-coated CNC films and =53o for 
CNF coatings.[113,114,116] Surface modification by physical adsorption of surfactants and 
quaternary ammonium salts to the CNC surface increased hydrophobicity and static contact 
angle between CNC films and water (Figure 1-6d). [40,114,139] Furthermore, it was found that 
the contact angle between unmodified CNC films and surfactant solutions increases with an 
increase in the concentration of surfactant solutions and plateaus/decreases beyond the CMC of 
surfactant solution in the presence of CNC. [139] Interestingly, adsorption of pH-sensitive non-
ionic surfactant Bis-(2-hydroxyethyl) cocoalkylamine (CAA) onto the CNC surface in high ionic 
strength aqueous phase resulted in a decrease in three-phase contact angle between dodecane-
surfactant solution and CNC films resulting in catastrophic destabilization of emulsions upon 
addition of surfactant CAA.[40] Chemical modification of CNC/CNF using methods such as 
polymer grafting and esterification also results in an increase in contact angle between modified 
nanocelluloses and water. [113,123,138,140] It has been reported that surface functionalization 
of CNF with stearic acid increased its water contact angle from 53o to 112o, such surface-
functionalized CNF was used to produce stable Pickering emulsions ( both O/W and W/O). [140] 
Similarly, the addition of succinate group to CNF surface resulted in a slight increase in contact 
angle from 66o to 71o post surface modification. In the same study, carboxylation of the CNC 
surface was carried out which did not significantly change the contact angle between CNC films 
and water. It was found that surface-modified CNC/CNF was more efficient in producing stable 
emulsions of marine diesel oil with finer droplets as compared to less stable emulsions with 
unmodified CNC/CNF.[138] 
4.2.5. Intermolecular and surface forces 
The forces acting on the liquid-liquid interface to stabilize them are predominantly 
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governed by the nature of surface modifications at the interface. The addition of hydrophobic 
moieties to the nanocellulose surface depletes electrostatic repulsions between two particles 
which results in aggregation of CNC/CNF and enhancement of the surface activity of the 
nanocellulose. [10,123,125] The aggregation in the aqueous phase, in turn, is driven primarily by 
interparticle H-bonding, hydrophobic interactions and van der Waals force of 
attraction.[106,117,127] It has been discussed that for CNC grafted with polymers such as poly 
(NIPAM), the ionic strength affects the solvation of polymers in the aqueous phase and hence 
their ability to stabilize the emulsions. Such observation indicates that solvation forces are 
important intermolecular forces that can affect the stability of the liquid-liquid interface in the 
presence of nanocelluloses. Finally, as mentioned earlier due to the anisotropy of CNCs/CNFs, it 
has been found that nanocelluloses are more effective depleting agents than the spherical 
nanoparticles and can induce depletion flocculation at a much lower concentration. Three 
different range of concentration of CNC and CNF were correlated to depletion stabilization. It 
was established that at intermediate concentration range, highly flocculated droplets were formed 
due to CNF induced depletion interaction. At lower CNF concentration no droplet flocculation 
was observed and at higher concentration (beyond critical stabilization concentration) the 
droplets were independent of CNF concentration and the mechanisms driving emulsion stability 
were established as depletion interaction and emulsion gelation. [127,141] 
5. STABILIZATION OF GAS-LIQUID INTERFACE 
There is a limited number of studies that describe the Pickering stabilization of air-liquid 
interface by nanocellulosic materials.[14] The interest in stabilization of Pickering foams by 
CNC/CNF is increasing, however, because nanocelluloses stabilized foams can be used for a 
multitude of applications. While the forces responsible for stabilization of air-liquid interfaces 
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are generally similar to the liquid-liquid interfaces, few parameters define air-liquid interfaces 
more adequately. We will briefly discuss these parameters before discussing other factors 
described in the literature that determine the stability of CNC/CNF stabilized air-liquid 
interfaces.  
Gas-liquid interfaces take the form of thin films and foams with the CNC/CNFs adsorbed 
at each face of the films such that hydrophobic planes of nanocelluloses oriented towards the 
gas-phase. The central liquid tends to drain out and the film begins to drain out and thin until the 
repulsive force between the adsorbed particles is dominant to stabilize the film against collapse. 
This pressure arising due to the repulsive forces is termed as disjoining pressure and is a critical 
parameter determining foam stability. It should be noted, however, that the rate of liquid 
drainage is higher at the edges compared to the lamellar part. This phenomenon can be explained 
by the Laplace equation (equation 23), which implies that around the edges the pressure (P) is 
lower than the pressure in the lamellar region (P) due to higher radius curvature (r) at the edges. 
This pressure gradient is a driving force for the drainage of liquid from the lamellar region to the 
edges of the film. [76] 
𝑃𝛼 − 𝑃𝛽 =
2𝛾
𝑟
  (23) 
Analogous to Ostwald ripening in the emulsions, diffusion of gas from smaller to larger 
bubbles as a result of Laplace pressure results in the coarsening of foam which is often described 
as another mechanism of foam instability. [142,143] Thus, factors contributing to foam 
instability can be categorized as film drainage, bubble coarsening, and coalescence.  
Both CNCs and CNFs have been used to stabilize wet foams with varying degrees of 
success. To the best of our knowledge, there are no reports of the use of unmodified negatively 
charged CNCs to prepared wet Pickering foams, however, CNCs are frequently used to improve 
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the mechanical properties of dry composite foams and aerogels stabilized by polymers. [144–
146] The following sections will highlight CNC/CNF stabilized wet foams and the factors 
affecting the foam stability will be discussed. 
5.1. Stabilization of gas-liquid interface by unmodified nanocelluloses  
There are no reports of unmodified CNC being used for the preparation of aqueous foams as 
they do not stabilize the air-water interface, in general, modified CNCs with increased 
amphiphilic properties, or CNFs with higher aspect ratio are used to generate aqueous 
foams.[12,147]  
5.1.1. Rheology 
Interfacial dilational (E) and interfacial shear (G) rheology can provide an estimation of 
viscoelastic properties of the gas-liquid interface stabilized by nanocelluloses. Examination of 
interfacial dilatational rheological properties of CNC suspension and air showed that surface 
charge affects the interfacial dilatation storage modulus (E’). In the NaCl concentration 
examined (0-17.5 mM), it was found that increasing electrolytes concentration resulted in an 
increase in E’ and no significant change was observed with an increase in deformation (Figure 1- 
7C,1-7D). This behavior can be attributed to screening of surface change by NaCl allowing 
interparticle interactions without causing aggregation. At 17.5 mM, however, while an increase 
in E’ was observed at lower deformation, at higher deformation, E’ decreased. The authors argue 
that the result could be due to breakage in the layer orientation. Furthermore, at constant NaCl 
concentration, an increase in bulk CNC concentration corresponds to an increase in E’ indicating 
coverage of the interface can be correlated to enhanced interfacial dilational storage modulus. 
Hence, sufficient surface coverage, as well as salt-induced charge screening, is required to form 
viscoelastic CNC interfacial layers. Interfacial shear modulus measurement showed a similar 
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trend with G’ increasing with salt concentration and bulk CNC concentration.[12,148] Stocco et 
al. suggested that for stabilization of the wet foams (cessation of bubble coarsening), the 
compression (oscillatory) elastic modulus (E) should be larger than half of the surface tension of 
the liquid. [149] This suggests that the compression elastic modulus should be greater than 
36mN/m for the stabilization of air-water foam, however, the oscillatory elastic moduli of 
unmodified CNCs/CNFs were measured to be less than 10 mPa.m. [150]  
 
 
Figure 1-7: Adsorption kinetics of 0.1 wt % CNFs with varying charge densities derived from A) 
unbleached and B) bleached softwood pulp. The interfacial dilatational storage (E’) and loss(E”) 
modulus of C) unbleached and D) bleached CNFs. Reprinted with permission from [147]. 
Copyright (2019) American Chemical Society. 
5.1.2. Particle adsorption, concentration and surface coverage 
Adsorption of CNC at the air-water interface was assessed in terms of change in surface 
pressure () defined as the difference between surface tension (0) measured at t=0 and any 
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arbitrary time. An increase in surface pressure () was reported indicating the adsorption of 
CNC at the air-water interface within 14 hours (Figure 1-7A,1-7B). The kinetic study of the 
adsorption process clearly showed an initial lag phase, followed by steady adsorption, the 
authors argue that lag could be attributed to the diffusion of CNCs to the interface. Furthermore, 
increasing the bulk concentration of CNC (upto 0.5%) and the addition of electrolytes to the 
solution increased max and decreased lag phase.[12,151] These findings indicate that screening 
of surface charge (electrostatic repulsion) promotes CNC adsorption at the A/W interface, 
promotes closer packing of the particles at the interface, and increases the adsorption energy. 
Structural analysis of CNCs at the A/W interface was conducted using AFM and neutron 
reflectometry. AFM imaging of the particles indicated at 0.001 wt%, CNCs were evenly 
distributed in bulk but present as clusters at the interface with significantly higher surface 
coverage at the interface than in bulk suspension. Furthermore, neutron reflectometry of the air-
D2O interface in the presence of 0.75 wt% CNC in 20 mM NaCl revealed that the layer at the 
interface was merely 8±2 Å, suggesting the formation of a discontinuous interfacial layer. It 
should be noted that the conditions in which the study was conducted were beyond monolayer 
saturation conditions and favored the formation of the multilayer.[12] However, it should be 
noted that despite increased adsorption and surface coverage unmodified nanocelluloses were not 
able to produce stable foams. 
5.1.3. Surface/interfacial tension and wettability 
Surface tension between air and unmodified CNF suspension was measured using a 
pendant drop method, the results indicated that CNF was not able to lower the surface tension to 
promote interface stability. Unsurprisingly, surface modification of CNF with surfactants 
lowered the air-water surface tension and also produced stable foam. [150] An increase in 
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surface pressure measured in terms of change in surface tension was reported, indicating after an 
initial lag of 2-3 hours, the surface tension of water decreased steadily over 14 hours in the 
presence of CNF (Figure 1-8). [12] The impact of CNC concentration on surface tension was 
studied, it was found that in high salinity brines (1.9M and 0.65M) at concentration beyond 0.8 
wt% presence of CNC aggregates decreased the surface tension between air and brine [40] Static 
contact angles between water, air and CNC films with different hydrophilicity were compared 
using a sessile drop method, predictably, the contact angle was higher (44.1 ± 1.5o) for more 
hydrophobic films compared to hydrophilic films whose contact angle was reported at 
26.9 ± 1.5o.[152] These values of contact angles indicate that the wettability of unmodified CNCs 
by water is too high for them to stabilize the air-water interface. 
 
Figure 1-8: Surface pressure variation as the measure of adsorption of unmodified CNCs at air-
water interfaces expressed as a function of A) time for different concentrations of CNC, B) 0.5 
wt% CNC at different ionic strength, C) Adsorption isotherms for CNCs at the A/W interface 
compiled from the equilibrium surface pressure Πinf, D) Adsorption of CNFs with varying charge 
density. Adapted from [151], Copyright (2019), with permission from Elsevier.  
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5.1.4. Surface and intermolecular forces 
Electrostatic repulsion between the films which results in a generation of disjoining 
pressure is a critical molecular force determining the stability of CNC stabilized air-liquid 
interface, besides, the rate of film thinning controlled by the pressure gradient between lamella 
and film edges are forces that determine foam stability. Screening of superficial nanocellulose 
charges results in van der Waals force and hydrophobic interactions between particles being 
dominant in the system which promotes adsorption of CNC/CNF to the interface which in turn 
can result in interfacial stabilization. [12,147,148] 
While the studies mentioned earlier clearly indicate that unmodified nanocelluloses 
adsorption at the air-water interface improves the rheological properties of the interface, 
improves surface coverage of the interface by the CNC/CNF, and lowers the surface tension of 
liquid over time or at higher concentration in high ionic strength medium. It should be noted that 
these improvements surface properties by unmodified nanocelluloses do not translate into foam 
stability and surface modification is often required for CNC/CNF to prepare foams. It is not 
established at this moment as to why the unmodified nanocelluloses, despite improving the 
surface properties, are unable to produce stable foams. It could be argued that the extent of 
enhancement of surface properties by unmodified CNC/CNF is insufficient and hence surface 
hydrophobization is required for the generation of nanocellulose stabilized foams. 
5.2. Stabilization of gas-liquid interface by modified nanocelluloses 
Surface modified CNC and CNF have been used more effectively to stabilize the air-
water interface to produce stable foams as compared to unmodified nanocelluloses. Multiple 
reports indicate that the surface of nanocelluloses can be modified using polymers, hydrophobic 
chemicals, and surfactants to improve their ability to stabilize foams. [150,153,154] In the 
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following section will discuss factors discussed in the literature that describes the stability of the 
air-water interface.  
5.2.1. Rheology 
Surface modified nanocelluloses exhibits improved rheological properties in comparison 
to unmodified nanocelluloses. [11,155,156]. Surface modified CNFs with varying length and 
surface charge density produced by TEMPO mediated oxidation were studied for their ability to 
stabilize air-water foams. The interfacial dilatational storage (E’) and loss modulus (E”) were 
examined after allowing the adsorption of CNFs to the interface. The results indicated that CNFs 
formed a viscoelastic interfacial layer with storage modulus dominating the loss modulus. 
Interestingly, it was found that the viscoelastic nature of the interface was independent of the 
CNF surface charge, the authors argue that the long fibril lengths favor fibril entanglement and 
hence the formation of the viscoelastic layer. It has been reported that the carboxylated CNCs 
form a viscous interfacial layer and screening of surface charge is required for CNCs to form a 
viscoelastic layer. It should be noted however that TEMPO-oxidized nanocelluloses on their own 
did not stabilize air-water foams. [147,148] Cervin et al. have discussed the rheological 
properties of TEMPO-oxidized CNFs and CNCs surface modified by adsorption of surfactants 
octylamine and decylamine in great detail. The impact of nanocelluloses with different charge 
densities (500, 900, and 1400 μeq/g), aspect ratios (CNF and CNCs), and the concentration of 
CNF on the rheological properties of the interface were compared (Figure 1-9A, 1-9B). The 
results indicated that the complex viscoelastic modulus of the interface stabilized by 
nanocellulose with a higher aspect ratio (CNF) exhibited higher complex viscoelastic modulus. 
The impact of charge density was studied by measuring the viscoelastic modulus of CNFs with 
different charge density and also by screening surface charge using salts. The result indicated an 
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increase in charge density from 500 to 900 μeq/g resulted in increased complex viscoelastic 
modulus, but further increase in the charge density to 1400 μeq/g reduced the complex 
viscoelastic modulus. The addition of salt also tended to increase the complex viscoelastic 
modulus. Finally, the complex viscoelastic modulus increased with increasing CNF 
concentration although there seems to be a maximum at 5 g/L where the complex viscoelastic 
modulus started to decrease with time. [150] Interestingly, the authors found that in instances 
when the complex viscoelastic modulus of the interface was greater than half the surface tension 
(36 mN/m in this case), in such cases the foams generated were stable, agreeing to suggestions 
by Stocco et al. regarding the rheological requirements for stabilization of air-water interface. 
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Figure 1-9: Properties of air-water interface stabilized by modified nanocelluloses. A) Complex 
viscoelastic modulus of CNC and CNF modified with octylamine as a function of time. B) Foam 
volume as a function of time for CNF and CNC. Reprinted with permission from [150]. 
Copyright (2015) American Chemical Society. C) Optical micrograph of air bubbles in water 
covered with fluorescently labeled octylamine-treated CNF. Reprinted with permission from 
[157]. Copyright (2012) American Chemical Society. D) The surface tension of CTAB (top) and 
DMAB (bottom) at room temperature; in the presence (closed symbols) and absence (open 
symbols) of CNC (0.25 w.%). Reprinted from [139], Copyright (2015), with permission from 
Elsevier 
5.2.2. Particle adsorption, concentration and surface coverage 
Surface hydrophobization of nanocelluloses significantly alters their adsorption behavior 
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at the interface. While it has been established that the surface modification improves the ability 
of nanocelluloses to stabilize air-water interface and form stable foams, the quantitative 
estimation of adsorption of the modified particle at the interface is limited. However, 
improvement in rheological and surface properties of the air-water interface does provide 
evidence of improved particle adsorption. The apparent viscosity of sodium dodecyl sulfate 
(SDS) and CNF system increases with increase in the concentration of CNF from 0.3 to 2.5 wt%, 
it has been suggested that such observations can be attributed to the entanglement of the fibrils 
which in turn improves the stability of the air-water interface (Figure 1-9C).[158] For a given 
concentration of CNF, charge density determined the volume of air trapped in the foam. In 
addition to improving the stability of the interface, increasing the concentration of octylamine 
adsorbed CNF also increased the porosity of the foam and decreased the foam density. [157,159]  
5.2.3. Surface tension and wettability 
Surface activity and wettability of nanocelluloses can probably be considered the most 
affected properties of native nanocelluloses due to surface hydrophobization. Covalent 
modifications, polymer grafting, and surfactant adsorption affect the surface activity and 
wettability of nanocellulose.[160] Polymers (methylcellulose) adsorbed CNC were found to have 
lowered the air-water surface tension to 48 mJ/m2, whereas the CNC alone had no impact on the 
surface tension of the system (Figure 1-9D).[139,154] Hiranphinyophat et al. found that CNCs 
modified with poly[2-isopropoxy-2-oxo-1,3,2-dioxaphospholane] (PIPP) lowered the air-water 
surface tension from 72 mN/m to below 45 mN/m, however, the change in surface tension with 
an increase in PIPP grafted CNC was minimal upto CNC concentration of 0.3 wt%, at higher 
concentration (0.4 wt%) slight decrease in surface tension was measured. Similar observations 
have been reported in other polymer grafted CNC studies.[11,161] Li et al. found that wettability 
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differs among CNCs with different crystalline allomorphs. CNC (I) films with lower surface 
charge density and needle-like structure had all hydroxyl or sulfonic groups in the equatorial 
region and hydrogen in axial which resulted in hydrophobic properties with a contact angle of 
44.1±1.5o. CNC (II) films, on the other hand, had higher surface charge density and the 
molecular chains have alternating polarities stack mainly by hydrophobic forces and 
consequently exhibit more hydrophilic properties with the water contact angle of 26.9±1.5o.[152] 
5.2.4. Capillary pressure and intermolecular forces 
It has been suggested that particle assembly at the interface is necessary but not sufficient 
requirement for the generation of stable foams using nanoparticles. It has been argued that foam 
stability requires a large fraction of bubbles covered by smaller particles, have liquid with higher 
surface tension and a favorable contact angle between the particles and the fluids. [150] Kaptay 
has discussed the role of capillary pressure and the electrostatic repulsion between the films that 
prevent them from coalescing or coarsening. [87] It has been reported that the higher surface 
charge density of nanocelluloses results in the formation of thinner film at the interface and 
improved concentration of CNF at the interface resulting in the generation of stable air-water 
interface. 
6. CONCLUSIONS 
The ability of nanocellulosic materials to stabilize liquid-liquid and gas-liquid has been 
well documented and several studies have used these particles to produce emulsions and foams. 
The majority of these studies characterize these emulsions and foams in great detail, however, 
the discussions on underlying mechanisms that control the stability are often limited to 
individual systems. This paper has systematically discussed some key factors and mechanisms 
that contribute to the ability of nanocelluloses to stabilized various interfaces. Among the factors 
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discussed, CNC concentration, surface charge screening, surface coverage have been discussed 
in the literature but other factors such as wettability, interfacial tension, interfacial rheology, and 
intermolecular forces are not discussed in greater detail. One key conclusion of the study is that 
partial wetting of the particles by both phases is critical to the adsorption of these particles at the 
interfaces.  
Recent studies have also indicated that interfacial rheological properties also play a 
crucial role in the stabilization of liquid-liquid and gas-liquid interfaces. Recent findings 
indicated that unmodified CNCs decreased the surface tension between air and water. Besides, 
unmodified CNC suspensions in high salinity brine were also shown to have decreased surface 
tension at concentrations higher than 1 wt.%. In addition to strong covalent interactions, short-
range intermolecular forces such as H-bonding, Van der Waals attraction, ion-dipole interactions 
have been identified as potential forces that act at the nanocelluloses stabilized interfaces. 
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CHAPTER 2  
Surface and Interfacial Interactions in Dodecane/Brine Pickering 
Emulsions Stabilized by Combination of Cellulose Nanocrystals 
and Emulsifiers 
 
S. Parajuli, A.L. Dorris, C. Middleton, A. Rodriguez, M.O. Haver, N.I. Hammer, E. Ureña-
Benavides, Surface and Interfacial Interactions in Dodecane/Brine Pickering Emulsions 
Stabilized by the Combination of Cellulose Nanocrystals and Emulsifiers, Langmuir. 35 (2019) 
12061–12070. https://doi.org/10.1021/acs.langmuir.9b01218. 
 
ABSTRACT 
Interfacial properties of cellulose nanocrystals (CNC) and surfactants were studied in high ionic 
strength (I) brines and correlated to the stability of dodecane/brine Pickering emulsions. Bis-2-
hydroxyethyl cocoalkylamine (CAA), dodecyltrimethylammonium bromide (DTAB) and Octyl-
β-D-glucopyranoside (OGP) were adsorbed onto CNC in American Petroleum Institute (API) 
brine (I=1.9 M) and synthetic seawater (SSW), with I=0.65 M. Raman spectroscopy, indicated 
that hydroxyl groups on the CNC surface interact with all three surfactants in high ionic strength 
media. Ionic interactions still play a role at the very large ionic strengths studied herein. Despite 
all surfactants adsorbing onto CNC, only the surface tension of CAA solutions in both brines was 
increased by the addition of 0.5 wt.% CNC.  The effect was much more prominent in API than in 
SSW.  Contact angle measurements indicated that CAA increased the wettability of CNC by 
both brines in dodecane; DTAB, on the other hand, decreased wettability. Emulsion stability
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 studies revealed that ionic strength, wettability, adsorption energy, and oil content strongly 
affect emulsion stability, more so than surfactant adsorption.  In API, CNC aggregates alone 
stabilized the emulsions better compared to samples with additional emulsifiers; the same was 
true in SSW for oil contents below 50% v/v.  For oil contents above 50% v/v in SSW, CAA, was 
either detrimental or failed to improve emulsion  stability. On the other hand, DTAB increased 
the stability of dodecane in SSW emulsions. Emulsions stable for over 21 months were prepared 
with oil contents of 75% v/v.  Adsorption of CAA onto CNC limits the migration of both CNC 
and CAA to the dodecane/brine interface, while DTAB adsorption has the opposite effect.  
Keywords: Cellulose nanocrystals, Interfacial tension, Surface Tension, Pickering Emulsions, 
Brine, Adsorption, Raman spectroscopy, Contact angle, Wettability 
1. INTRODUCTION 
Emulsions have applications both in daily life and in industries, and as the demand for 
stable formulations based on natural ingredients increases, there is a growing trend for using 
naturally occurring colloidal particles as stabilizers instead of surfactants.[162–164] Some of the 
common industrial applications of emulsions include food additives, oil-based creams, 
cosmetics, fertilizers, textile coatings, tertiary oil recovery, and oil spill cleanup.[165–169] 
Particle-stabilized (Pickering) emulsions have numerous advantages over traditional surfactant-
stabilized emulsion including lower toxicity, low emulsifier content, and adjustable droplet 
size.[36,170–172] Emulsions prepared using only surfactants or nanoparticles have been 
extensively studied, but many commercial products of recent times have used a combination of 
surfactants and nanoparticles; therefore, it is important to understand how nanoparticles and 
surfactants interact, and the mechanisms by which they stabilize emulsions. This understanding 
contributes to the efficient design and development of emulsion-based products.[173] CNC 
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stabilized emulsions prepared in high salinity brines find applications in enhanced oil recovery 
and potential applications in oil spill cleanup operation in the marine environment. 
Charged nanoparticles such as silica, clay, gold, and cellulose nanocrystals (CNC) are 
often used in conjunction with surfactants to stabilize emulsions.[174] Surfactants favor the 
formation of smaller emulsion droplets by lowering the interfacial tension between two phases; 
they also promote stability by preventing fluid drainage from droplets. Nanoparticles, on the 
other hand, do not significantly reduce the interfacial tension, but instead, migrate to and 
assemble at the liquid/liquid interface allowing stabilization of Pickering emulsions.[175] 
Pickering stabilization is a result of the nanoparticles forming a rigid structure around the 
droplet, which prevents droplet coalescence and Ostwald ripening.[176,177] Stabilization of 
emulsions by particles makes them more stable to coalescence as compared to surfactants 
because the energy associated with desorption of particles from the interface can be in the order 
of 103-104 kBT, whereas the energy required to desorb surfactants from the interface is two to 
three orders of magnitude smaller. This indicates that the adsorption of nanoparticles onto 
interfaces can essentially be considered irreversible.[14,64,178]   
Few studies exist of Pickering emulsions in high salinity brine.  Worthen et al. reported 
improved stability of emulsified seawater/dodecane systems and CO2 foams by a mixture of the 
zwitterionic surfactant caprylamidopropyl betaine and negatively charged silica nanoparticles as 
compared to a standalone surfactant or silica nanoparticles.[64,179] Binks et al., reported that 
mixtures of cationic surfactant CTAB and silica nanoparticles have synergistic effects on 
improving the stability of water/dodecane emulsions.[180] At low concentration (0.1 wt.%), the 
interaction between colloidal silica particles and non-ionic surfactant Span® 80  results in a 
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lowered interfacial tension, thereby enhancing the stability of paraffin oil/water emulsions. 
Alternatively, at higher surfactant concentration (1.8 wt.%) emulsion stability was reduced.[181] 
CNC produced from bacterial cellulose was first used to stabilize hexane/water emulsions 
through ultrasonic mixing to produce monodisperse O/W emulsions that were stable for several 
months.[54] Hu and co-workers used 0.3 wt.% cotton derived CNCs alongside 0.2 wt.% polymer 
solutions of hydroxyethyl cellulose, dextran, and methylcellulose to stabilize emulsions of water 
and dodecane.[182]  Gestranius et al. also prepared O/W Pickering emulsions using CNF, tempo 
CNF, and CNC in dodecane; without using any surfactants. Emulsions prepared using CNF were 
stable to low shearing and an increase in temperature (up to 80oC).[106] Cellulose nanocrystals 
(CNCs) have been used to stabilize oil in water (O/W) emulsions in low salinity aqueous phases. 
CNC dispersions in low salinity brine (1000 ppm NaCl) were used to enhance crude oil mobility 
in sandstone cores for tertiary oil recovery at elevated temperatures and variable pH. Viscosity 
measurements of the effluent revealed that most CNC traverses the core.[168,183,184]  
Despite the outburst in research involving CNC stabilized emulsions; most studies have 
been conducted in low ionic strength (I) aqueous phases. Relatively little research has been done 
to explore the potential of CNC as emulsion stabilizers in high ionic strength brines. 
Furthermore, the literature indicates negatively charged particles have been used in combination 
with ionic and nonionic surfactants with varying degrees of success to stabilize emulsions in low 
ionic strength aqueous dispersions. This study attempts to elucidate the different outcomes 
obtained when different types of surfactants are added to Pickering emulsions.  To achieve this 
goal, molecular interactions between CNC and surfactants in high salinity brines are studied via 
Raman spectroscopy, tensiometry, and adsorption measurements.  The effect of those 
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interactions on surface/interfacial properties are correlated to the stability of emulsions stabilized 
by CNCs and added emulsifiers in high salinity aqueous solutions.   
 
2. EXPERIMENTAL SECTION 
2.1. Materials 
Cellulose nanocrystals (11.5 wt.%), prepared from Pinus strobus (Northern pine) wood 
pulp, made by the USDA Forest Products Laboratory and distributed by The University of Maine 
were used as received. 99.9% reagent quality dodecane was purchased from Sigma Aldrich (St. 
Louis, MO) and used as received (unless otherwise specified). Dodecyltrimethylammonium 
bromide ≥ 90% (DTAB), Guar Gum, Octyl-β-D-glucopyranoside (OGP), calcium chloride 
(CaCl2), sodium chloride (NaCl) and synthetic seawater (SSW) were all purchased from Sigma 
Aldrich and used as received. ETHOMEEN C/15®, Bis (2-hydroxyethyl) cocoalkylamine 
(CAA), was kindly gifted by AkzoNobel (Houston, TX) and was used as received. The chemical 
structures of the emulsifiers used are depicted in Appendix A Figure S1.1. American Petroleum 
Institute (API) brine was prepared by adding 8 wt.% NaCl and 2 wt.% CaCl2 in DI water. 
2.2. Characterization of CNC 
AFM measurements were carried out using a Nanoscope IIIA multimode scanning probe 
microscope from Bruker (Billerica, MA). Topographic images obtained from AFM were 
processed using Gwyddion software to measure the length and height of cellulose nanocrystals. 
Measurement of at least 100 rod-shaped individual crystals indicated the average length of the 
particles was 128±43 nm and the average height was 6.4±1.8 nm, as shown in Appendix A 
Figure S1.2.  Conductometric titration of CNCs using methods explained elsewhere[185,186] 
indicated an average sulfur content of  0.045±0.018 g-sulfur/g- cellulose on the surface of the 
CNC used in this study (Appendix A Figure S1.3). 
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2.3. Adsorption measurements 
Adsorption of surfactants onto the CNC surface was measured using Shimadzu's total 
organic carbon (TOC-L CSH E100) and total nitrogen (TNM-L) analyzer. Surfactant solutions in 
API (I = 1.9 M) brine and SSW (I = 0.65 M) were allowed to equilibrate with 1 wt% CNC for at 
least 12 hours, followed by centrifugation of the suspension to separate CNC from the solution. 
The supernatant was carefully recovered and analyzed for the concentration of total organic 
carbon and total nitrogen. Equilibrium concentrations were plotted against the adsorbed 
concentration to generate adsorption isotherms of individual surfactants onto the CNC surface. 
2.4. Raman Spectroscopy 
A solid-state Horiba Labram HR Evolution Raman spectrometer (Horiba Instruments Inc, 
TX) using a 600 grooves/mm grating, 532-nm laser excitation, CCD camera detection, and a 
100x micro-Raman objective was employed for the acquisition of Raman vibrational spectra.  
Vibrational Raman spectra of freeze-dried CNC dispersions in API brine and SSW were 
compared with the spectra of surfactants adsorbed CNC in both brines. Spectral signatures at 
higher wavenumber corresponding to -OH stretching were analyzed for probable interactions 
between CNC and surfactants. Before obtaining the spectra, surfactant solutions in brine and 
CNC dispersions were equilibrated for approximately 12 hours. The dispersion was then 
centrifuged, the pellet recovered and allowed to sit in a hardened filter paper to remove excess 
water by capillary action. The pellet devoid of unadsorbed surfactants was then freeze-dried to 
remove excess water.  
2.5. Surface Tension Measurements 
The surface tension vs surfactants concentration plots in API brine and SSW (without 
CNC in dispersion) were generated using a DuNuoy ring method after allowing the solution to 
equilibrate for 10 mins using a force tensiometer, Sigma 701 (Nanoscience Instruments, Phoenix, 
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Arizona). A surface tension vs surfactant concentration plot was also generated for each 
surfactant in the presence of 0.5 wt.% CNC aggregates (or flocs) in brine, using axisymmetric 
pendant drop analysis with an Attension Theta Tensiometer (NanoScience Instruments, Phoenix, 
Arizona) after equilibrating for 60 mins. Critical micelle concentration (CMC) of surfactants in 
brine was calculated in the presence and absence of CNC aggregates (or flocs). CMC calculated 
in presence of CNC is referred to as “apparent critical micelle concentration” (ACC).  
2.6. Interfacial tension measurement  
The interfacial tension between oil (dodecane) and an aggregated CNC dispersion in 
brine was measured using an optical tensiometer (NanoScience Instruments, Phoenix, AZ). Prior 
to the measurement of interfacial tension, n-dodecane was passed through an alumina column 
several times to remove impurities.  The pendant drop method was used to perform axisymmetric 
drop shape analysis of a captive aqueous phase drop in the presence of excess oil phase and after 
equilibrating with excess dodecane for 60 mins, before taking measurements. Contours of the 
droplet's shape were fitted to the Young-Laplace equation to calculate interfacial tension.[187]  
∆𝑝 = 𝜌𝑔ℎ − 𝛾 (
1
𝑅1
+
1
𝑅2
)   (1) 
Where Δp is the pressure difference across the interface, γ is surface/ interfacial tension, R1 and 
R2 are principal radii of curvature and the term ρgh is hydrostatic pressure.  
2.7. Contact angle measurement 
A thin film of cellulose nanocrystals was generated by adding a drop of 1wt.% CNC 
suspension in DI water onto freshly cleaved mica surface and drying overnight in a vacuum oven 
at 50oC. The RMS roughness of the CNC film was measured using AFM to confirm the 
uniformity of the surface and was smaller than the height of the CNCs (6 nm). The three-phase 
equilibrium static contact angle between CNC film, surfactant solution (concentration near CMC 
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in respective brine) and dodecane was measured using a sessile drop method in an Attension 
Theta optical tensiometer (NanoScience Instruments, Phoenix, AZ). Contact angles reported are 
the average of angles formed by both ends of the drop on the CNC film submerged in dodecane. 
At equilibrium, the phase contact angle is related to interfacial tension by the Young 
equation.[179] 
𝑐𝑜𝑠𝜃𝑂𝑊 =
𝛾𝑆𝑂−𝛾𝑆𝑊
𝛾𝑂𝑊
   (2) 
In the above equation, γSO is interfacial tension between solid surface and oil phase, γSW is 
interfacial tension between solid surface and water and γOW is interfacial tension between oil and 
water. 
2.8. Emulsion Preparation and Characterization 
The aqueous phases of emulsions were prepared by adding surfactants to 200% brine; an 
equal volume part of 2 wt.% CNC suspension was then added to the surfactant solution while 
mixing to prevent gelation.  The final concentration of surfactants in the aqueous phase 
corresponds to their ACC in brine. The pH of aqueous after addition of surfactants was close to 
neutral, except for CAA which was between pH 8 and 9. A total of 10 mL of n-dodecane and 
aqueous phase were added to a 20 mL screw-capped vial with volume ratios ranging from 90% 
to 10% aqueous phase. The samples were then homogenized using a high-shear homogenizer 
(IKA Ultra-Turrax T-25 Basic, Atkinson, NH) at 10000 rpm for 1 minute. Conductivity 
measurements using an Orion™ DuraProbe™ 4-Electrode Conductivity Cell having Pt/Pt 
electrode were used to characterize emulsions as oil in water (O/W) or water in oil (W/O) type 
(Appendix A Figure S1.4). 
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2.9. Emulsion stability 
Emulsion stability was measured in terms of droplet coalescence and creaming.  Droplet 
coalescence was studied by monitoring the change in emulsion droplet diameter over 24 hours. 
Droplet diameter was measured by image analysis of optical micrographs created by an optical 
microscope (AmScope 500MD). A small aliquot of the emulsion was transferred from its vial to 
a microscope slide by spatula. A uniform layer of the emulsion was formed by placing a glass 
coverslip over the top of the emulsion drop and droplets micrographs were analyzed using 
ImageJ to generate droplet size distribution. Emulsions' resistance to creaming was measured by 
monitoring the position of creaming front for 24 hours by analyzing pictures using ImageJ (U.S. 
NIH). 
3. RESULTS AND DISCUSSION 
3.1. Properties of CNC and surfactants in brine 
Colloidal stability of CNC was diminished in the presence of electrolytes in solution. 
DLS measurements of 0.002 wt% CNC in DI water showed a hydrodynamic diameter of 164 
nm, whereas in API and SSW it was near 10 m, indicating aggregation of CNC in these brines. 
The addition of surfactants did not have a significant effect on the aggregation behavior of CNC 
in brines, with similar magnitude hydrodynamic diameters observed in the presence of 
surfactants. It should be pointed out that DLS measurements for aggregates above 1 m only 
provide qualitative information.   Visual examination of 1 wt% CNC suspensions in these brines 
showed that the particles do not precipitate within 26 hours and remain suspended as aggregates 
(or flocs). The CMC and ACC of the surfactants were measured in the presence and absence of 
CNC aggregates (Table 2-1). The CMC and ACC measurements provide important information 
about the behavior of surfactant adsorption at the air-brine interface in the presence of CNC. The 
results indicate that statistically, the CMC of surfactants did not change upon the addition of 
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CNC. The CMC of OGP is not reported as no clear minimum was observed up to the 
concentration of 10g/L. 
Table 2-1: CMC for emulsifiers in SSW and API Brine in the presence and absence of 0.5wt% 
CNC 
Brine CMC and ACC in API (g/L) CMC and ACC in SSW (g/L) 
Surfactant w/CNC w/o CNC w/CNC w/o CNC 
OGP -- -- -- -- 
CAA 0.07±0.06 0.01±0.02 0.01±0.03 0.01±0.04 
DTAB 0.16±0.11 0.16±0.03 0.67±0.05 0.75±0.05 
Errors represent standard errors 
 
 
 
3.2. Adsorption of surfactants onto CNC  
Adsorption of surfactants onto the CNC surface was expressed in terms of the mass of 
adsorbed surfactant per unit mass and unit area of CNC.  The area calculation assumes flocs 
sufficiently exfoliated to expose the area of individual CNCs, in reality, the exposed area must be 
smaller.  The calculation of adsorption per mass of CNC is unaffected by the aggregation state. 
The adsorption measurements were carried out at ambient temperature and pressure. Figure 2-1 
indicates that in API brine all surfactants adsorb to a lesser extent compared to SSW.  In API, all 
surfactants had a maximum adsorption ratio of nearly 0.22 g surfactant adsorbed per g surfactant 
in solution when the bulk concentration was 3 g/L. In SSW, however, the maximum adsorption 
ratios were 0.99 for CAA, 1.27 for DTAB, and 0.82 for OGP, when the equilibrium 
concentrations were 1.4 g/L, 0.88 g/L, and 1.10 g/L respectively.  In the case of DTAB, higher 
adsorption in SSW could be due to the lower ionic strength compared to API brine, which makes 
the former a better environment for ionic interactions between CNCs and the positively charged 
 
56 
surfactant.  Interestingly the same trend is observed between CAA and OGP even though they 
bear a neutral headgroup at the conditions tested; suggesting some other types of molecular 
interactions are also involved in the adsorption process. Furthermore, the isotherm of surfactant 
adsorption in SSW suggests a weak adsorption interaction at a lower concentration.  
  
Figure 2-1: Adsorption isotherm of surfactants in a) API brine and b) SSW. The lines are to 
guide the eye. 
 
Raman spectroscopy was used to elucidate other forms of intermolecular interactions 
between CNC and the surfactants.  Since CAA and OGP can both hydrogen bond to CNC, 
special attention was placed on the -OH stretching signals (Figure 2-2). The addition of 
surfactants results in the formation of more structure in the OH stretching region of cellulose 
nanocrystals in SSW; the effect was less evident in API.  The different peak sharpness, 
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broadening of the -OH signature peak, and definition suggest that –OH stretches are indeed 
sensitive probes to the CNC local environment. Such observations indicate the involvement of 
superficial hydroxyl groups of CNC in the adsorption process, providing evidence for the 
presence of H-bonding between CNC and surfactants in the complex mixtures.[188] However, 
the enhanced structure in the OH stretching region was also exhibited by DTAB which cannot 
receive or donate H-bonds; this may indicate an ion-dipole type interaction between the charged 
DTAB and the –OH groups on CNC. Interestingly, the Raman spectra observed after the addition 
of the surfactant strongly resembles that of CNC nanoparticles before the introduction to either 
SSW or API.  This is shown in Appendix A Figure S1.5(a) to S1.5(d). This strongly suggests that 
the surfactants are counteracting the effects of interactions by CNC with species in the saltwater 
solutions. 
 
Figure 2-2: Raman spectra of CNC in API Brine (top) and SSW (bottom) 
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Raman spectra of CAA adsorbed onto CNC at different pHs in API brine was also 
measured. The structures in the -OH region was also affected by pH (Appendix A Figure S1.6). 
At pH 10, when the amine group of CAA is negatively charged (Appendix A Figure S1.7), a 
sharp peak was observed with small shoulders on the sides. At lower pH, where the amine group 
is protonated and positively charged, the –OH region was broader with less prominent peaks. 
The different peak patterns at variable pH suggest that in API brine, along with ion-dipole and 
H-bonding interactions, short electrostatic interactions may also be important in the adsorption of 
CAA onto the CNC surface. 
3.3. Surface interactions and adsorption 
The adsorption behavior of each surfactant and CNC was further studied through the 
dependence of surface tension (γAW) on emulsifier concentration. Surface tension vs surfactant 
concentration plots for each surfactant were generated in the presence and absence of CNC 
aggregates (Figure 2-3). Upon addition of 0.5wt.% CNC to a CAA-brine solution, the surface 
tension vs concentration plot shifts to the right; this effect is more prominent in API compared to 
SSW. Interestingly, despite adsorbing to the CNC surface, DTAB and OGP showed no 
significant curve shifting regardless of whether CNC aggregates were present in the dispersion or 
not.  Such behavior suggests that in high ionic strength solutions, DTAB and OGP molecules 
preferentially migrate to the air-brine interface regardless of whether or not they adsorb onto 
CNC. CAA on the other hand, when adsorbed to the CNC surface does not migrate to the 
air/liquid interface and remain in the bulk.  The observed trends thus suggest that the surfactant 
adsorption to nanoparticles may not affect of a surfactant solution. Thus surface tension study 
alone does not provide sufficient proof that the surfactant does not adsorb onto the nanoparticle. 
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Figure 2-3: Surface tensions (AW) a) DTAB, b) CAA and c) OGP as a function of surfactant 
concentration 
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Similar measurements carried out in DI water indicate the adsorption of surfactants onto 
well dispersed CNC is expected to be primarily driven by electrostatic attractive forces between 
the emulsifier's charged headgroup and the negative CNC surface.  The plot for DTAB does shift 
to higher concentration in the presence of CNC when the experiment is done in DI water 
(Appendix A Figure S1.8); which is consistent with existing literature.[189,190]  Similarly, if the 
surfactant and nanoparticle charges are similar, the surfactant might not adsorb to the particle's 
surface but instead competes to occupy the fluid/fluid interface.[191]  In brine, however, the 
electric double layer collapses resulting in closer proximity between CNCs, and between CNC 
and the surfactants.[192],[77] Thus, in concentrated electrolytes solutions, the interaction 
between CNC and the emulsifiers is influenced by additional short-range intermolecular forces, 
which may include ion-dipole and H-bonding, in addition to electrostatic forces.  This analysis is 
consistent with the vibrational Raman spectra, adsorption data, and surface tension 
measurements presented herein. 
3.4. Interfacial behavior of CNC at the O/W interface 
The effect of CNC concentration on brine's surface tension (AW) and dodecane-brine 
interfacial tension (ow) was studied in API and SSW (Figure 2-4). CNCs do not alter the 
surface and interfacial tensions in DI water[137]; however, in high salinity brine, CNC lowered 
both, as shown in Figure 2-4. The surface activity exhibited by CNC in brine occurs when they 
aggregate due to the collapse of the electrostatic double layer (EDL) stabilizing individual 
nanocrystals. The CNC aggregates then migrate towards a surface where they can adsorb and 
assemble, lowering the surface and interfacial tensions. It has been discussed by Kalashnikova et 
al. that CNCs orient themselves at the oil-water interface with the hydrophobic (2 0 0) edge 
inside the oil phase, further justifying their surface activity.[193] 
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Figure 2-4: Surface tension a) and interfacial tension b) of dodecane/brine 
3.5. CNC wettability and adsorption energy 
Table 2-2 provides an overview of the contact angle (θow) between the CNC film 
submerged in dodecane and surfactant solutions in brine, interfacial tension (ow) between the 
two liquid phases, and the adsorption energy (ΔErod) of CNC onto the oil-water interface.  The 
reported adsorption energies are calculated for individual rod-shaped CNCs ignoring CNC-CNC 
interactions. The contact angle measurements were taken after allowing the drop of surfactant 
solution to equilibrate with the CNC film for 100 s and are considered equilibrium static contact 
angle. The CNC film showed swelling when the surfactant solution was left for more than 5 
minutes on top of it. The authors consider the measurements before swelling to be a closer 
representation of the contact angle between CNC, brine, and dodecane. 
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Table 2-2: Three-phase contact angle (θow) interfacial tension (γow) and CNC adsorption energy 
(ΔE) onto the oil/brine interface. 
 API SSW 
Surfactants θow (o) γow (mN/m) ΔErod (kT) θow (o) γow (mN/m) ΔErod (kT) 
None 28.2±2.0 49.5±0.8 -413 33.4±3.0 46.7±0.8 -643 
DTAB 37.7±1.3 12.8±1.3 -253 42.0±2.1 6.3±1.6 -167 
CAA 24.3±4.2 14.9±0.5 -80.2 23.8±1.2 16.7±1.1 -86.2 
Errors indicate standard error. 
Table 2-2 indicates that the presence of CAA decreased the contact angle between brine 
and the CNC film, this was more prominent in SSW which has a lower ionic strength.  DTAB, 
on the other hand, increases the contact angle, thus decreasing wettability.  These results signal 
that the addition of CAA to a CNC dispersion in brine increases nanocrystal affinity towards the 
aqueous phase, while DTAB has the opposite effect.[194]  Adsorption energies (ΔErod) were 
calculated for CNCs using Equation 3; which was derived based on Pawel Pieranski’s approach 
(SI Derivation 1).  It assumes individual CNCs of cylindrical shape (radius r and length L), lying 
flat on the oil-water interface.[195] 
∆𝐸𝑟𝑜𝑑 = 2𝑟𝐿𝛾𝑂𝑊(𝜃𝑜𝑤 cos 𝜃𝑜𝑤 − sin 𝜃𝑜𝑤) + 𝛾𝑂𝑊𝑟
2 cos 𝜃𝑜𝑤 [2𝜃𝑜𝑤 − sin(2𝜃𝑜𝑤)]  (3) 
In equation (3) the first term arises from the lateral sides of the nanoparticles and the second term 
represents the contact area from the particle ends. As shown in Table 2-2, DTAB has more 
negative adsorption energy compared to CAA in both brines; however, the magnitude is even 
larger for CNC without surfactants.  Thus, CNCs alone have the highest tendency to stay at the 
oil/water interface. When comparing between DTAB and CAA, the former leads to preferential 
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adsorption to the interface.  It must be pointed out that the CNCs in the aqueous is present as 
aggregates, thus the magnitudes of E in Table 2-2 are likely underestimated. 
In addition to adsorption energy; the free energy of drop formation (ΔGdrop) given by 
equation (4), is also expected to affect emulsion stability.[194,196]  
∆𝐺𝑑𝑟𝑜𝑝 = 𝐴𝑂𝑊𝛾𝑂𝑊 + 𝑛𝑝(∆𝐸𝑎𝑑𝑠 − 𝑇∆𝑆𝑎𝑑𝑠)  (4) 
The interfacial area is Aow and the number of particles is np.  The effect of the entropy term 
(Sads) in the equation is expected to be relatively small for large particles like the ones used in 
this study.  It is expected that systems with very negative adsorption energy(Eads) are conducive 
to small values of ΔGdrop and are more stable. Similarly, the low interfacial tensions of CAA and, 
to a greater extent, DTAB are also expected to lower ΔGdrop and improve emulsion stability. 
3.6. Emulsion stability 
O/W emulsions were prepared using dodecane and 1 wt.% CNC suspensions in a 
brine/surfactant solution. Negatively charged, individual CNCs were not able to form stable 
emulsions in DI water and phase separation occurred within 1 min of mixing; however, in high 
ionic strength brine, where CNCs are aggregated, it was possible to prepare stable emulsions 
(Appendix A Figure S1.9).  Thus, for CNC, decreasing colloidal stability by increasing salt 
concentration enables the formation of Pickering emulsion. 
The position of the creaming front was monitored for 24 hours, by measuring the height 
of the aqueous phase eluted from the emulsion as indicated in Appendix A Figure S1.10 and 
Appendix A Figure S1.11.  Emulsions in SSW were, in general, more stable to creaming 
compared to API.  Emulsions prepared using CNC only were the most stable to creaming in most 
of the samples, the only exception being the emulsion prepared using DTAB+CNC in SSW with 
equal volume fractions of aqueous and organic phases (Appendix A Figure S1.11f). Emulsions 
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containing CAA were the least stable emulsions prepared; this is consistent with the very low 
contact angles, intermediate interfacial tension, and small adsorption energy observed for 
systems containing CAA in Table 2-2.  According to Aveyard et al., colloidal particles with very 
large wettability are ineffective at stabilizing emulsions due to the particle remaining in the 
aqueous phase instead of adsorbing at the interface.[194] The combination of CNC and CAA 
appears to be detrimental to emulsion stability.   
Emulsions containing 25% v/v aqueous phase formed highly stable emulsions as shown 
in Figure 2-5; remarkably, those inside the green box were stable to creaming for 21 months at 
the time of writing this article.  On the contrary, the emulsions with 10% v/v aqueous phase 
separated quickly. At 25% v/v aqueous phase, the emulsions approach the phase inversion 
threshold, also evidenced by the low electric conductivity (Appendix A Figure S1.4).  However 
since the CNC/surfactant mixtures are highly hydrophilic the emulsions do not invert phase, 
instead, a high organic phase emulsion gel is formed.[194]  At water contents lower than 25% 
the highly hydrophilic particles cannot position themselves on the external side of the droplet and 
the emulsions cannot be stabilized.   
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Figure 2-5: Stable emulsions after 6 months. Labels on vials indicate aqueous to oil phase 
volume ratio and components in the aqueous phase. Emulsions enclosed inside the green box 
were still stable after 21 months. 
Figure 2-5 and Appendix A Figure S1.11 indicate that as the oil fraction increases, the 
addition of DTAB becomes beneficial for emulsion stability in SSW, but not in API brine.  
Interestingly the adsorption energy of CNC in DTAB is smaller than for CNC alone, which 
would indicate higher stability without the surfactant.  However, in SSW, the interfacial tension 
γow with DTAB is the smallest observed which according to equation 4 should improve emulsion 
stability.  Ultimately, the balance of these competing effects leads to a positive synergistic effect 
between DTAB and CNC in SSW. 
The stability of emulsions to coalescence was studied using optical micrographs of 
dodecane droplets over 24 hours (Figure 2-6). The coalescence results seem to follow a similar 
trend to creaming, with emulsions in SSW being more stable than those in API.  Emulsions 
prepared using CNC in API (Figure 2-6a) showed broadening and shifting of the droplet 
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diameter peak, which was distinctly absent in emulsion prepared in SSW, indicating the latter are 
more stable to coalescence.  
   
 
Figure 2-6: Droplet size distribution of a) CNC in API b) CNC + DTAB in API c) CNC in SSW 
and d) DTAB + CNC in SSW.  The scale bar in the pictures represents 20μm.  
3.7. CNC surface coverage and adsorption 
The adsorption (Γ) of CNC onto the dodecane-brine interface was calculated for 
emulsions stabilized by CNC aggregates without surfactants according to equation 5.  
Γ =
𝑚𝑃.𝑑𝑎𝑣𝑔
6.𝑉𝑜𝑖𝑙
   (5) 
The mass of CNC at the interface, mp, was measured from the concentration change of CNC in 
the bulk aqueous phase eluted from the emulsions. The Sauter mean diameter, davg, was 
determined from the dodecane droplet size distribution.  Voil is the volume of the oil phase in the 
emulsion.  Surface coverage (C) of emulsion droplets was estimated using equation 6.[53,110] 
𝐶 =
𝑚𝑝𝑑𝑎𝑣𝑔
6ℎ𝑝𝜌𝑃𝑉𝑜𝑖𝑙
   (6) 
 
67 
Where hp is the height of CNC and ρp is the density of CNC equal to 1.64 g/cm3. It should be 
noted that equation 6 assumes particles in the medium are dispersed without aggregation; hence 
any values calculated are an overestimation of the actual coverage.  This equation, however, is 
used to compare with existing literature that uses the same method to quantify coverage.[54] 
Table 2-3 shows the adsorption (Γ) and estimated surface coverage of CNC at the 
brine/dodecane interface at different CNC concentrations in both API brine and SSW.  The 
lowest surface coverage was 1206% for dodecane/SSW with 25% aqueous phase.  Coverage 
increased with decreasing oil content mainly due to the lower amount of interface available.  It 
was determined that all the CNC in the system adsorbed at the oil-water interface in all cases.  
Cherhal et al. estimated a minimum of 84% cotton CNC coverage is required for the formation 
of Pickering emulsions stable for 1 month in a dilute 50 mM NaCl solution.[53]  However, for 
the conditions tested here, surface coverage did not correlate to emulsion stability.  The most 
stable emulsions were those with the lowest coverage; while the ones that creamed the most and 
broke fastest had 180093% coverage.  Assuming a maximum packing density of 0.9[197], these 
adsorption amounts are equivalent to CNC crusts with minimum thicknesses of 12 nm for the 
most stable emulsion, and 135 nm for the least stable.  Cherhal et al. studied the interfacial 
structure of CNC in oil-water interfaces at different CNC concentrations and ionic strengths up 
to 50 mM.  They found, through small angle neutron scattering (SANS), that sulfated CNC in 50 
mM solution formed interfacial layers with a thickness of 7±0.5 nm.  However, unsulfated CNC, 
which aggregated in the aqueous medium, formed interfacial layers 19±0.5 nm thick. 
Furthermore, SANS and wide-angle X-ray scattering results indicated that CNC interacted with 
oil interfaces through the hydrophobic (2 0 0) plane with exposed CH groups.[53,193] 
Table 2-3: Adsorption and surface coverage of CNC aggregates at the dodecane-brine interface  
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API SSW 
Aq. v/v % 
in emulsion 
Γ (g/m2) Coverage 
(%) 
Aq. v/v % in 
emulsion 
Γ (g/m2) Coverage (%) 
90 0.58±0.03 5600±280 90 0.56±0.02 5400±300 
75 0.20±0.01 1800±93 75 0.17±0.01 1670±90 
50 0.060±0.004 580±30 50 0.059±0.004 570±30 
25 0.018±0.001 170±10 25 0.012±0.001 120±6 
Errors indicate standard error. 
The fact that the most stable emulsions prepared in this study had intermediate coverage 
indicates that multiple competing effects influence emulsion stability.  As the thickness of the 
cellulose crust covering the oil droplet increases, van der Waals attraction forces between 
droplets also grow, given that they are proportional to mass.  In addition, a thicker CNC crust 
may increase the length and number of contact lines between oil, brine, and particles, leading to 
larger capillary forces.  Both of these effects would reduce emulsion stability as more CNC is 
adsorbed onto the interface.  On the other hand, the competing stabilizing effects of the CNC 
crust are expected to be steric repulsion between CNC aggregates on the surface and a large 
interfacial elasticity.  The latter increases the drag force preventing droplets to approach each 
other by increasing the viscosity and elastic modulus of the interface.[72,198] 
3.8. Interrelation between CNC and surfactants  
The data presented herein suggest that CAA adsorption onto the CNC surface is 
detrimental to the stability of dodecane emulsions in a high ionic strength aqueous phases, while 
DTAB adsorption onto CNC only improves emulsion stability at or above 50% v/v dodecane in 
SSW. The findings reported herein suggest that regardless of whether small molecule emulsifiers 
adsorb onto the CNC or not; adsorption energy at the fluid/fluid interface and interfacial tension 
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are deterministic properties for Pickering emulsion stabilization.  This is consistent with confocal 
microscopy observations by Hu et al, which indicate the HEC/CNC and MC/CNC particles 
adsorb at the fluid/fluid interface.38 
Contact angle and surface tension measurements indicate that adsorption of CAA onto 
CNC increases their affinity towards brine, while DTAB adsorption has the opposite effect.  
Such observation suggests that CAA, a twice ethoxylated surfactant with a large headgroup, 
forms a bilayer assembly on the CNC surface with the hydrophilic side protruding towards the 
bulk aqueous phase (Figure 2-7c).  Such assembly would make the surfactant coated CNC less 
hydrophobic, though they remain aggregated.  DTAB, which has a small headgroup in high 
salinity solutions, adsorbs onto the CNC aggregates and diminishes their affinity toward the 
concentrated electrolyte solutions; thus, aiding their migration to the dodecane-brine interface 
(Figure 2-7b). CNC aggregates in brine without surfactants readily adsorb onto the dodecane-
brine interface and are efficient emulsion stabilizers (Figure 2-7a). 
   
Figure 2-7: Schematics of a) assembly of CNC aggregates b) CNC + DTAB, and c) CAA 
assembly in the presence of CNC. Figure drawn not to scale. 
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4. CONCLUSIONS 
Surface interactions and interfacial behavior of cellulose nanocrystals (CNC) aggregates 
and several surfactants were studied in two high ionic strength solutions, synthetic seawater 
(SSW: I = 0.65 M) and American Petroleum Institute (API: I = 1.9 M) brine, utilizing Raman 
spectroscopy and interfacial properties.  All surfactants studied adsorbed to the CNC surface in 
both SSW and API brine; however, adsorption was smaller in API.  Raman spectra indicated that 
hydroxyl groups on the CNC surface were involved in the adsorption of small molecule 
surfactants, providing evidence that H-bonding drives the adsorption of the non-ionic CAA and 
OGP onto CNC.  Hydroxyl groups were also involved in the adsorption of DTAB, which cannot 
H-bond; suggesting other types of interaction, possibly ion-dipole, may drive their adsorption 
onto CNC.  Addition of 0.5 wt% CNC to a CAA solution in API brine increased the surface 
tension by as much as 20 mN/m, while in SSW the increment was just a few mN/m.  
Surprisingly, for DTAB and OGP, the surface tension vs. concentration curves in SSW and API 
nearly overlapped with and without CNC, despite both surfactants adsorbing onto CNC.  This 
observation, along with contact angle measurements, suggests that DTAB and OGP migrate to 
fluid-fluid interfaces irrespective of whether they are adsorbed to CNC or not. However, CAA, 
when adsorbed to CNC, preferentially remains in the bulk aqueous phase.   
Emulsion stability measurements with added surfactants show that the effect of surfactants is 
highly dependent on the dodecane content, interfacial tension, and CNC adsorption energy.  
CAA significantly decreases the magnitude of the CNC adsorption energy onto the oil/brine 
interface and consistently reduced emulsion stability.  DTAB decreases the adsorption energy to 
a lesser extent but also lowers interfacial tension to 6.31.6 mN/m in SSW and 12.8±1.3 mN/m 
in API. Thus, DTAB improves the emulsion stability of dodecane/SSW emulsions when the oil 
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content approaches the phase inversion composition.  However, in API brine emulsions 
stabilized by CNC aggregates without surfactants were always the most stable.  Emulsions stable 
for more than 21 months were prepared at 75% v/v dodecane content in SSW with added DTAB 
and in API brine without surfactants.   
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CHAPTER 3  
Surface properties of cellulose nanocrystal stabilized crude oil 
emulsions and their effect on petroleum biodegradation 
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ABSTRACT  
The extent of biodegradation of C15-C20 aliphatic hydrocarbons in crude oil by Serratia 
marcescens after 5 days of incubation was improved from 1-12% to 6-19% by emulsifying crude 
oil using cellulose nanocrystals (CNC). Surface and physicochemical properties of prepared 
emulsions such as water salinity, presence of divalent ions and CNC concentration affect the 
extent of biodegradation due to their influence in emulsion stability. Stable oil in water (O/W) 
emulsions containing 5 v/v % crude oil and 95 v/v % brine was prepared with cellulose 
nanocrystals (CNC) at concentrations from 0.4 to 1.0 wt % in American Petroleum Institute 
(API) brine, synthetic seawater, and NaCl solutions. Creaming rate and droplet coalescence of 
emulsions were measured to study the impact of CNC concentration, divalent cations and ionic 
strength on emulsion stability. Results show a greater extent of droplet coalescence at CNC 
concentrations higher than 0.8 wt % for emulsions prepared in API. Coalescence was significant 
in API brine (ionic strength, I = 1.9 M); however, it was minimal in SSW (I = 0.65 M) and in 
NaCl solutions of the same ionic strength. Furthermore, no coalescence was observed in NaCl 
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solutions at ionic strengths of 0.32, 0.65, 0.95, and 1.9 M.  
Keywords: Pickering emulsions, cellulose nanocrystals, biodegradation, adsorption, interfacial 
tension, crude oil 
 
1. INTRODUCTION  
Crude oil emulsions are an essential component of environmental protection services for 
cleanup of oil spills in seawater, produced water treatment and enhanced oil recovery. [199–201] 
Emulsions used for both marine oil-spill cleanup and oil/gas exploration are often stabilized 
using surfactants.  However, in recent years polymers, nanoparticles (NPs) or their combination 
have gained interest in stabilizing these emulsions due to their lower toxicity, better thermal 
stability, and functionality. Bio-based NPs such as cellulose nanocrystals (CNCs) have additional 
advantages over conventional polymers and inorganic NPs such as silica, clay nanotubes, and 
gold as they are often more environmentally sustainable. CNCs are easily biodegradable and 
biocompatible in the marine environment making them an ideal candidate for applications in 
both oil field and oil-spill cleanup projects. [202–204]  Currently available means of oil-spill 
cleanup methods in marine water include mechanical, chemical and biological treatment. 
Mechanical methods use oil booms and skimmers, while chemical treatments use dispersants; to 
break the oil sleek into finer droplets. Biological remediation of marine oil spill involves using 
microbial consortia that can either produce biosurfactants or microbes that can degrade 
hydrocarbons present in crude oil or the combination of both.[205–207]  
In recent years, several studies have investigated the possibilities of using inorganic NPs 
such as alumina and polymer-coated iron-oxide for potential application as dispersant during the 
spill clean-up operation.[131,208–213] The NP concentration affects the stability of emulsions 
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and hence their ability to function as an oil-sleek dispersant. Frelichowska et al. used fumed 
hydrophobic silica NPs at a varying concentration to prepare emulsions containing 20 wt.% 2-
ethylhexyl stearate and silicone oil in water.  The authors found that increasing silica 
concentration decreased the size of the droplet giving more stable emulsions.[214] In a different 
study, the effect of monovalent and divalent ions on emulsion stability was investigated using 
canola oil/water emulsions stabilized using CNCs. CNCs were able to stabilize canola oil 
emulsions more effectively in the presence of Ca2+ ions <1mM, while in the presence of Na+ 
cations, 3mM electrolytes were needed to prepare stable emulsions. [111] These observations 
were attributed to the fact that electrolytes in aqueous medium screen charges on CNC surface 
thus promoting their migration and adsorption at the interface. Furthermore, a greater reduction 
in CNC zeta potential was observed with the addition of Ca2+ ions as compared to Na+ indicating 
more efficient charge screening by Ca2+ and thus diminished colloidal stability.[215,216] The 
stability of crude oil in water emulsions with aqueous volume fraction (w) of 0.6 were prepared 
using different inorganic NPs (Fe2O3, Fe3O4, Ca(OH)2, and clay). Their stability was studied in 
terms of water resolved upon centrifugation and electrical energy requirement for emulsion 
breaking. The results indicated that decreasing individual particle size and increasing particle 
concentration improved the stability of crude oil emulsion.[217]  
Chitosan in conjunction with petroleum degrading bacteria was used to prepare stable 
emulsions of n-tetradecane. The emulsions containing bacteria and chitosan improved the rate 
and extent of biodegradation of tetradecane as compared to bacteria alone.[218] In a similar 
study, carbonized kaolinite NPs were used to stabilize hexadecane emulsions in the presence of 
model hydrocarbon-degrading bacteria (Alcanivorax borkumensis). The results indicated that 
90% of the hexadecane were degraded by the bacteria, however, the addition of clay NPs did not 
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improve either the rate or the extent of degradation. The results indicated that despite a five-fold 
increase in surface area of the oil, the authors hypothesized that biodegradation occurs through 
the consumption of hydrocarbons solubilized in the bulk solution that is close to the interface or 
within biosurfactant micelles.[219] 
Chemical dispersants are commonly used to increase the concentration of oil in the water 
column by emulsifying the oil to form tiny droplets. These dispersants, however, several studies 
have shown that they can have a toxic effect on the aquatic and marine ecosystems. It was found 
LC50 and EC50 concentration of that Corexit 9527 and 9500 towards amphipods and a marine 
sand snail were significantly lower than crude oil, [220] suggesting the addition of these 
chemicals were more harmful to those species than crude oil. In a separate study, coral larvae 
were exposed to source crude oil Deepwater Horizon spill and dispersant (Corexit 9500). The 
study found that settlement and survival corals decreased significantly following exposure to 
increased concentrations of crude oil and Corexit. [221] Toxicity of heavy crude oil and 3 
different dispersants on marine fish was studied, the resulted showed that 24 hour LC50 of 
individual dispersants and oil was at least 1500 ppm and 325 mg/L respectively, however, a 
combination of oil and dispersants at lower concentration was more lethal to marine fish.[222] 
The existing literature indicates that currently existing technologies for chemical 
remediation of oil-spills are either toxic to the marine environment as in the case of dispersants 
or are not significantly effective in improving the rate of biodegradation. This study highlights a 
potential application of the use of non-toxic and biodegradable CNC as dispersants for oil-spill 
remediation.  We study parameters such as CNC concentration, aqueous phase ionic strength, 
and electrolyte type on the stability of crude oil/brine Pickering emulsions.   Emulsion stability is 
described in terms of creaming rates and droplet coalescence. This study intends to characterize 
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emulsions prepared at high ionic strength aqueous phases, determine a range of conditions in 
which the emulsions are stable for potential biodegradation and how emulsification affects the 
biodegradability of crude oil. The effect of droplet surface area on crude oil biodegradation was 
studied by tracking the concentration of C15 to C20 alkanes via gas chromatography.  
2. MATERIALS AND METHODS 
2.1. Materials 
Cellulose nanocrystals (11.5 wt.%), prepared from Pinus strobus (Northern pine) wood 
pulp, made by the USDA Forest Products Laboratory were purchased from the University of 
Maine and used as received. Calcium chloride (CaCl2), 99.8 % purity, sodium chloride (NaCl), 
synthetic seawater (SSW), and reagent grade toluene were all purchased from Fisher Scientific 
and used as received. Serratia marcescens strain was obtained from Dr. Patrick Curtis’ collection 
at the University of Mississippi Department of Biology.   American Petroleum Institute (API) 
brine was prepared with a concentration of 8 wt.% NaCl and 2 wt.% CaCl2 in DI water. DI water 
was obtained from a MilliporeSigma (Danvers, MA) Direct-Q 3 water purification system and 
had an electrical resistivity of 18.2 Mcm at 25oC. Crude oil was kindly provided by Valero 
Refinery, Memphis TN and was used as received. The alkane standards C15-C20 were 
purchased from Sigma-Aldrich (Saint Louis, MO, USA). 
2.2. Methods 
2.2.1. Characterization of CNC 
AFM measurements were carried out using a Nanoscope IIIA multimode scanning probe 
microscope from Bruker (Billerica, MA). Unmodified CNCs were dispersed in DI water at a 
concentration of 0.0001 wt% CNC and placed on top of freshly cleaved mica surface. The 
prepared sample was then allowed to dry overnight in a desiccator prior to taking AFM images. 
Topographic images of CNC were generated in tapping mode and processed using Gwyddion 
 
77 
2.51 to measure the length and height of cellulose nanocrystals. At least 150 individual particles 
were counted to generate length and height distributions of the particles used for the study.  
Sulfur content on the CNC surface was measured via conductometric titration using a method 
explained elsewhere.[185,223] The concentration of sulfur (S) present on the surface of CNC 
was expressed in terms of %S using equation 1.  
%𝑆 = (
𝑉𝑁𝑎𝑂𝐻𝐶𝑁𝑎𝑂𝐻𝑀𝑊𝑠𝑢𝑙𝑓𝑢𝑟
𝑚𝑠𝑢𝑠𝑝𝐶𝑠𝑢𝑠𝑝
) × 100   (1)                          
In equation 1, VNaOH and CNaOH are the volume and concentration of NaOH used to neutralize the 
sulfonate groups on the CNC surface, MWsulfur is the molecular weight of sulfur, msusp, and csusp 
are mass and concentration of CNC suspension respectively. 
2.2.2. Emulsion preparation, characterization and stability 
The aqueous phases of emulsions were prepared by adding equal volume parts of 1.6 
wt.% DI water-CNC suspension in 2x concentrated brine while mixing to prevent gelation.  
Crude oil and CNC/brine dispersions were added into 20 mL screw-capped vial to prepare 10 
mL emulsions with volume fractions of oil to aqueous phase ranging from 0.05 to 0.95. The 
samples were then emulsified at 10000 rpm for 1 minute using a high-shear homogenizer (IKA 
Ultra-Turrax T-25 Basic, Atkinson, NH). Prepared emulsions were then characterized as either 
oil in water (O/W) or water in oil (W/O) type through conductivity measurements with an 
Orion™ DuraProbe™ 4-Electrode Conductivity Cell having Pt/Pt electrode. 
The stability of emulsions was measured in terms of resistance to creaming and 
coalescence. Creaming was quantified by measuring the height fraction of aqueous phase eluted 
from the emulsion in the vial with respect to time over 24 hours.  The digital photos of emulsions 
were taken over time and analyzed using the software ImageJ (U.S. National Institutes of 
Health). Droplet sizes were measured by image analysis of optical micrographs created by a 
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compound optical microscope (AmScope 500MD) and processed using ImageJ. Emulsion 
stability was also studied by generating droplet size distributions of at least 500 droplets from 
emulsion micrographs at different times to measure coalescence.  
2.2.3. Interfacial tension  
The pendant drop method was used to perform axisymmetric drop shape analysis of a 
captive crude oil drop formed in a U-shaped needle in the presence of excess CNC/brine 
dispersion after equilibrating for 60 mins.  The interfacial tension was measured using an optical 
tensiometer (NanoScience Instruments, Phoenix, AZ). Contours of the oil droplet's shape were 
fitted to the Young-Laplace equation to calculate interfacial tension using equation 2.[187] 
∆𝑝 = 𝜌𝑔ℎ − 𝛾 (
1
𝑅1
+
1
𝑅2
)   (2) 
Where Δp is the pressure difference across the interface,  is surface/ interfacial tension, R1 and 
R2 are principal radii of curvature and the term ρgh is the hydrostatic pressure.  
2.2.4. Biodegradation of crude oil  
Preliminary experiments were performed to test if S. marcescens would grow in various 
brine solutions.  API brine, synthetic seawater, Luria-Bertani (LB) broth, and crude oil were 
autoclaved at 121oC for 20 mins. The stock culture of Serratia marcescens was inoculated in 5 
mL LB broth and incubated at 37oC overnight.  A solution of 5 mL of SSW, API brine, and LB 
were inoculated respectively, with 0.5 mL bacteria solution previously mentioned, and incubated 
at 32oC at 120 rpm for 24 hr.  Bacterial growth was assessed by measuring absorbance at 600 nm 
using a spectrophotometer (Genesys 20, Thermo Scientific).  The Serratia marcescens bacteria 
strain tested in this study did not grow in API brine (A600= 0.04), hence biodegradation was only 
attempted in SSW (A600=0.64). Samples tested for biodegradation were prepared by making 
crude oil emulsion in SSW in the presence/absence of CNC using the method explained in the 
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earlier section. The crude oil emulsion (10 ml), with and without CNC, was carefully transferred 
to a petri dish and 0.5 ml of the bacterial culture grown overnight in LB broth was added to the 
sample. In order to minimize salt dilution, 0.5 ml of autoclaved SSW was also added to the petri 
dish. Samples containing crude oil emulsions and bacteria were then incubated in a shaking 
incubator (120 rpm) at 32oC, the extent of biodegradation was studied after 5 days of incubation.  
After 5 days the Petri dishes were removed from the incubator and washed with excess 
toluene to recover the remaining crude oil. The samples collected were then centrifuged at 4980g 
for 20 mins, followed by careful recovery of the supernatant containing dissolved crude oil in 
toluene. These samples were then analyzed for the concentration of aliphatic hydrocarbons (C15-
C20) using GC/Q-ToF to examine the extent of biodegradation. The analysis was carried out on 
an Agilent Technologies 7250 accurate-mass Q-ToF GC/MS systems equipped with an Agilent 
J&W HP-5MS UI (30 m x 0.25 mm ID, 0.25 µm film thickness) capillary column. The GC 
separation was carried out using the program described as follows: 1 µL of the sample was 
injected into the column with the initial oven temperature set at 45oC (held for 2 mins), the 
temperature was then increased sequentially in steps from 45 to 150oC at a rate of 2oC min-1, and 
150 to 280oC  at a rate of 5oC min-1, then held isothermally for 10 mins at 280oC. Helium was 
used as carrier gas at a flow rate of 1.0 ml/min. Both the inlet and transfer line were set to 280oC. 
Split injection mode was used with a split ratio of 25:1. The Q-ToF spectra were recorded at a 
scan mode with the EI voltage set to 70 eV. The calibration curves for the used reference 
standards of C15-C20 were realized by plotting peak area versus analytes concentration (1.9, 5.7, 
9.5, 19.0, 28.6 and 38.1 µg/mL). The extent of biodegradation was expressed as a percentage of 
C15-C20 hydrocarbons consumed by the bacteria according to equation 3.  
% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛𝑖 =
(𝐶𝑖.0−𝐶𝑖,𝑡)
𝐶𝑖,0
∗ 100   (3) 
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Where, Ci,0 and Ci,t are the concentration of hydrocarbon having chain length (i).   
 
3. RESULTS AND DISCUSSIONS 
3.1. Characterization of crystalline nanocellulose 
Figure 3-1 shows an AFM image of the typical CNC used during the project. The results 
showed the average length of the CNC used was 130.3±41.5 nm while the average height was 
6.3±1.8nm giving particle aspect ratio (length: height) of 20.6. Previous studies have indicated 
that the CNC derived from wood pulp has the lengths ranging from 100-300nm, height ranging 
from 3-7nm resulting in aspect ratio ranging from 20-100.[224,225] CNCs prepared using 
sulfuric acid hydrolysis results in the addition of -OSO3
-  on their surface, thus giving them a 
negative charge. Conductometric titration of CNC with 0.1M NaOH was carried out at room 
temperature using the method explained elsewhere[185,223] and the degree of sulfation or 
charge was expressed as the percentage of sulfur (S) present at the surface determined from 
equation 1. The sulfur content on the surface of CNC is affected by factors including reaction 
time, the concentration of sulfuric acid and reaction temperature.[226] Results showed 
(Appendix B Figure S2.1) that the average sulfur content on the CNC used on the project was 
0.4% g-sulfur/g- CNC. The degree of sulfation affects the ability of CNC to interact with 
divalent cations such as Ca2+ and Mg2+ present in aqueous media.  Divalent cations may replace 
the proton counterion and form ionic bridges between sulfate half-esters on adjacent CNCs 
leading to aggregation [227], which is expected to affect emulsions stability.[40] 
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Figure 3-1. (a) Topographic image of wood-pulp derived CNC using AFM along with (b) length 
distribution and (c) the height distribution.  
3.2. Emulsion characteristics and stability 
3.2.1. Emulsion type 
Emulsions prepared using crude oil and various brine solutions were characterized as 
either oil in water (O/W) or water in oil (W/O). The electrical conductivity of emulsions 
prepared was measured and plotted as the function of aqueous phase volume fraction (w). The 
conductivity plot was used to distinguish the emulsions as either O/W or W/O (Appendix B 
Figure S2.2). The results indicate that all emulsions prepared in this study were O/W type. CNCs 
prepared using sulfuric acid possess negative surface charge and are colloidally stable in DI 
water. In the presence of electrolytes, however, the electrostatic double layer (EDL) responsible 
for colloidal stability of the CNC suspension collapses due to screening of the surface charges by 
the charges in the bulk and results in the aggregation of CNC suspension.[77] The induced 
colloidal instability drives the migration of CNC aggregates to the oil-brine interface where they 
orient themselves such that their hydrophobic edges are oriented towards the oil phase.[32] The 
hydrophilic nature of the CNC implies that they are wetted by the aqueous phase and have 
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contact angle less than 90o resulting in the formation of O/W type emulsions.[69] 
3.2.2. Creaming  
Emulsion stability was measured in terms of two stability parameters; first the resistance 
of emulsion to creaming over 24 hours and second, quantifying droplet size distribution to study 
droplet coalescence. Both stability parameters were examined under a set of different 
physicochemical conditions. Figure 3-2 shows the creaming profile of emulsions (w=0.95) in 
different aqueous phases. The effect of CNC concentration on emulsions prepared in 100% API 
is shown in Figure 3-2a; at concentrations below 0.4 wt.% no emulsions were stable and as the 
concentration of CNC increased the emulsions became more resistant to creaming. After 24 
hours at 0.4 wt% CNC, approximately 38% of the aqueous phase was resolved from the 
emulsion phase compared to about 18% resolved aqueous phase when 1wt% CNC was used. 
Similar results were observed when using silica NPs to stabilize emulsions, it was found that 
decreasing the NP concentration decreased the stability of emulsions to creaming. [214,228] The 
addition of a higher concentration of NPs results in the formation of a network of aggregates 
leading to gelation and subsequent increase in viscosity of the aqueous phase thus slowing down 
creaming as described by Stokes equation (equation 4). [194]   
𝜈 =
𝑑2𝑔(𝜌1−𝜌2)
𝜂
    (4)  
Where  is the sedimentation velocity, d is the average diameter of the droplets, g is the 
acceleration due to gravity, 1 and 2 are the density of the different fluid components and  is 
the viscosity of the continuous phase. Interestingly, the eluted aqueous phase is virtually free of 
CNC, as is evident from the clear liquid at the bottom of the vials in Figure 3-2e and by UV-vis 
spectroscopy measurements.  This indicates the CNC mainly remains adsorbed at the oil/brine 
interface. The creaming profiles of the samples appear to show initial dead time before the 
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creaming process starts. This initial lag could be related to the time required for the 
reorganization of NPs at the oil-water interface.  
 
Figure 3-2. Emulsion creaming: a) Effect of CNC concentration, (b) Effect of divalent cations at 
and (c) Effect of ionic strength. Pictures (d) and (e) are representative emulsions immediately 
after emulsification and after 24 hours. 
Varanasi et al. found that the addition of Ca2+ to an aqueous suspension of CNC lowered 
the concentration of CNC required to stabilize crude oil emulsion.[111] In this study, the 
presence of divalent cations did not have a significant effect on creaming behavior at the ionic 
strength of API brine.  However, in SSW (Figure 3-2b) the initial rate of creaming was higher 
than the emulsions with the same ionic strength of NaCl, although the amount of aqueous phase-
resolved after 24 hours was similar (approximately 30%) in both cases.  
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The effect of ionic strength of electrolytes on emulsion resistance to creaming was also 
studied (Figure 3-2c). The results indicate that at lower ionic strength (0.3M NaCl) the rate of 
emulsion creaming is faster compared to emulsions prepared in higher ionic strength solutions 
(0.65M, 0.95M, and 1.9M). However, after 24 hours the total resolved fraction for all ionic 
strengths studied was similar. The reasons for the faster initial rate of creaming at 0.3 M are 
uncertain; however, it could be due to the lower viscosity of the continuous phase at lower ionic 
strengths.  It is also possible that adsorption of the CNC onto the interface occurs faster at low 
ionic strength.[111,194] 
3.2.3. Coalescence  
Emulsion stability was also measured in terms of droplet coalescence by tracking the 
droplet size distribution of emulsion droplets for 24 hours using optical micrographs. The 
micrographs were generated immediately after emulsification and after resting the emulsion at 
countertop for 24 hours and room temperature.  Ostwald ripening is not expected to be 
significant in this system due to the low curvature of the interface and low crude oil solubility.  
The Sauter mean droplet diameters D[3,2] are between 29 and 39 m in all cases (Appendix B 
Table S2.1), while the solubility limit of crude oil in distilled water is close to 40 ppm or less, 
and an even lower solubility is expected at the high ionic strengths studied herein.[229]   
3.2.3.1. Effect of CNC concentration  
Crude oil emulsions (w= 0.95) containing a varying concentration of CNC in the aqeous 
phase were prepared in API brine to study the effect of CNC concentration in droplet 
coalescence. Figure 3-3 shows the effect of CNC concentration on the stability of emulsions to 
coalescence. Results indicate that at the concentration of 0.4wt% CNC (Figure 3-3a) there was 
no significant change in the droplet size distribution of the crude oil emulsions. Interestingly, as 
the concentration of CNC increases to 0.8 wt% CNC (Figure 3-3b) and 1 wt% CNC (Figure 3-
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3c) the distribution curve broadens and/or shift to the higher droplet diameter over a 24 h period 
indicating coalescence of emulsion droplets. The difference between the populations' means was 
verified by a hypothesis test with 95% confidence as indicated in Supporting Information Table 
S1.  This result is in contradiction to other findings in the literature where the increase in the 
concentration of NPs reduced coalescence.[194,230,231] AlYousef et al. observed that 
increasing NP flocculation and concentration helps improve the stability of Pickering foams; 
however, they suggest too many flocs at high NP concentration can be detrimental by lowering 
maximum capillary pressure.[57] Thin-film integrity is crucial for the stability of Pickering 
emulsions and foams; the maximum capillary pressure (𝑃𝑐
𝑚𝑎𝑥) beyond which the film collapses 
and promotes coalescence is governed by equation 5.[57,85] 
𝑃𝑐
𝑚𝑎𝑥 = 𝑝
2𝜎𝑜𝑤
𝑅
(cos 𝜃 + 𝑧)  (5) 
Where p is packing parameter, R is a radius of the NPs, ow is interfacial tension between oil and 
water phase,  is contact angle and z is a parameter related to the arrangement of particles in the 
thin aqueous film. The contact angle of brine on CNC could not be measured due to swelling of 
CNC film submerged in brine and the lack of optical transparency when the film was submerged 
in crude oil; however, its value is independent of CNC concentration, as is the interfacial tension.  
The parameters p is related to the coverage of the interfacial area, while z is related to the 
assembly of the second layer of NPs.  The value of parameters p and z of the CNC crust around 
the droplets is not expected to vary significantly within the concentration range studied herein.  
The presence of electrolytes in aqueous medium induces aggregation of CNCs which in turn 
affects their packing at the interface, typically resulting in enhanced stability of Pickering 
emulsion. However, at a high enough concentration CNC can form excessively large aggregates 
increasing the effective radius.  This would lower the maximum capillary pressure (𝑃𝑐
𝑚𝑎𝑥), in 
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accordance with Eqn. 5, thereby decreasing the stability of the emulsion.[57,85]   
 
Figure 3-3. Droplet size distribution of emulsions prepared in API brine and CNC concentration 
a) 0.4 wt.%, b) 0.8 wt.%, and c) 1 wt.%  
3.2.3.2. Effect of divalent ions 
Crude oil emulsions (w= 0.95) containing 0.8 wt.% CNC in aqueous phase were 
prepared in salt solutions with I = 1.9 M (API brine and 1.9 M NaCl) and I = 0.65 M (SSW and 
0.65 M NaCl). The effect of the presence of divalent ions on droplet coalescence was studied by 
observing the droplet size distribution (Figure 3-4) of crude oil droplets for 24 hours. Results 
indicate that the presence of divalent ions in SSW (Figure 3-4c) did not affect droplet 
coalescence when compared to 0.65 M NaCl (Figure 3-4d). In both cases, the emulsions showed 
no coalescence for 24 h as indicated in Appendix B Table S2.1.  The initial D[3,2]  was 32.8 m 
(s=11.0 m) for SSW and 39.0 m (s=12.7 m) for 0.65M NaCl. After 24 hours no significant 
change in D[3,2] was seen on either SSW (D[3,2]=33.15 m, s=11.2 m) or 0.65 M 
(D[3,2]=37.9 m s=12.9 m) emulsions. 
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Interestingly, in API coalescence was observed as indicated by the shift in droplet size 
distribution to higher droplet diameter (Figure 3-4a) and by a hypothesis test comparing both 
means (Appendix B Table S2.1).  Interestingly, the D[3,2] of emulsion droplets remained 
unchanged over a 24 h period, with initial and final values of 34.5 m (s=12.3 m) and 32.6 m 
(s=11.5 m), respectively.  This behavior is due to the presence of a long tail (larger droplets) in 
the initial distribution which is absent in the droplet distribution after 24 hours.  The largest 
droplets either coalesced into a separate oil phase or creamed to the top of the emulsion phase 
and were not sampled.  When the emulsions were prepared in 1.9M NaCl, D[3,2] decreased from 
an initial value of 38.2 m (s=13.8 m) to 30.2 m (s=9.8 m), however, statistical analysis did 
not show enough evidence to conclude that the changes in the mean were statistically significant 
at 95% confidence.   Further study is needed to understand why such behavior was observed 
however, it can be hypothesized that larger droplets cream faster than the smaller ones based on 
Stoke’s law (equation 4).  Closer proximity between larger droplets would lead to faster 
coalescence, possibly due to an increased length and number of CNC/oil/brine contact lines 
resulting in a decrease in D[3,2] values.[176,40] 
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Figure 3-4. Effect of the presence of divalent ions on the coalescence of crude oil emulsion 
droplets prepared in a) API brine, b) 1.9 M NaCl, c) SSW and d) 0.65 M NaCl. 
 
3.2.3.3. Effect of ionic strength 
The effects of ionic strength (I) of the aqueous medium on emulsion stability was studied 
by preparing crude oil emulsions (w= 0.95) containing 0.8 wt.% CNC in the aqueous phase and 
NaCl solutions at 4 different ionic strengths: 1.9M, 0.95M, 0.65M, and 0.3M (Figure 3-5a-3-5d 
respectively). Figure 3-5 indicates that the ionic strength of the solution did not have a significant 
effect on the extent of droplet coalescence for 24 hours. The behavior of emulsion droplets in 
0.65 M NaCl was similar to that of emulsions prepared 1.9M NaCl, with an apparent decrease in 
D[3,2] for 24 hours however statistical analysis showed that the mean diameters remained 
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unchanged in both cases at 95% confidence.  For lower ionic strengths, the D[3,2] did not change 
significantly over the same time. The addition of salt to CNC dispersions has been shown to 
improve emulsions stability.[131,213] However, most studies are limited to low ionic strengths 
of 5% NaCl or less.  Herein we note that the increased ionic strength of the monovalent ion did 
not have a significant effect on droplet coalescence.   
 
Figure 3-5: Effect of ionic strength of NaCl a)1.9M b) 0.95M c) 0.65M and d) 0.32M on the 
droplet size distribution of emulsions. 
 
3.3. Interfacial tension 
The effect of CNC concentration on interfacial tension (IFT) between crude-oil and 
various aqueous phases was measured using a pendant drop method with a rising oil drop in a U-
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shaped needle suspended in the excess aqueous phase. The system was allowed to equilibrate for 
60 minutes before taking the measurements. Figure 3-6 represents the change in interfacial 
tension as the function of CNC concentration.  It can be seen from the figure that for all aqueous 
phases, the interfacial tension measured was in the range between 5.5-7.0 mN/m. Such low 
interfacial tensions favor the formation of droplets due to low free energy of drop formation.[40] 
The results indicate that over the concentration range studied, the IFT between various aqueous 
phases and crude oil did not change significantly with the increase in CNC concentration. In the 
absence of CNC, the IFTs of crude oil with API brine, 1.9 M NaCl, SSW, and 0.65 M NaCl were 
5.7±0.3, 6.9±0.3, 5.5±0.3 and 6.7±0.3 mN/m respectively. The addition of up to 0.064 wt% CNC 
onto the aqueous phase did not change the interfacial tension between brines and crude-oil, 
which is typical of NP stabilized systems.  Larger concentrations could not be studied since the 
dispersion becomes turbid, preventing adequate imaging of the suspended drop.  The enhanced 
stability of Pickering emulsions as a consequence of NP addition has often been attributed to an 
increased maximum capillary pressure, the viscosity of the continuous phase, and the energy of 
desorption. [40,57] 
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Figure 3-6: Interfacial tension between different brines and crude oil at different CNC 
concentration 
3.4. Adsorption/Surface coverage of CNC at oil/water interface 
Adsorption () of CNC aggregates onto the oil/water interface can be estimated based on 
the Sauter mean diameter D[3,2] of emulsion droplets, the volume of oil added to the emulsion 
(Voil), and mass of CNC (mp) at the interface using equation 6. 
Γ =
𝑚𝑝𝐷[3,2]
6𝑉𝑜𝑖𝑙
   (6) 
The volume per area (VS) of adsorbed CNC aggregates can be estimated from the adsorption.  
𝑉𝑆 =
Γ
𝜌𝑝
   (7) 
In equation 7, p is the density of CNC (1.6 g/ml)[232].  The volume per area of CNC can be 
interpreted as the minimum possible thickness () the CNC layer would have if it had no 
porosity; the actual  would necessarily be larger.  Table 3-1 summarizes the adsorption and 
volume per surface area of CNC at the crude oil-brine interface.  The results indicate that CNC 
adsorption does not necessarily correlate to resistance to coalescence and emulsion stability. 
Rather interestingly, when the concentration of CNC was increased, the adsorption increased by 
the factor of 2.5, however, with increasing concentration, the emulsion stability decreased.  This 
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is the opposite trend observed in other studies where a higher amount of CNC at the surface 
improved stability.[53,110] Contrary to the work presented herein, CNC adsorption was very 
small in those studies, less than one monolayer.  The data in Table 1 indicate a thick crust of 
CNC exists around the crude oil droplets.  At the high concentrations studied herein, excess CNC 
appears to be detrimental to stability.  A balance between competing effects appears to exist.  
Increasing the CNC concentration would raise the viscosity of the liquid film between droplets, 
which would slow down the drainage and improve stability.  Moreover, a repulsive force is 
expected to arise due to steric effects.  On the contrary, van der Waal’s attractive forces, which 
are proportional to the mass of the droplets and the crust would increase leading to lower 
stability.  Furthermore, capillary forces may lead to the breakage of the thin film between 
droplets, which is determined by the maximum capillary pressure described in equation 5.  As 
suggested by AlYousef et al., it is possible that excessively large CNC aggregates may lower the 
maximum capillary pressure. [57]  
Table 3-1: Mass adsorption and volume of CNC per interfacial area. 
Samples   adsorption (g/m2) VS (m) Coalescence over 24 hours 
0.4% API CNC 0.42±0.15 0.26±0.14 No 
0.8% API CNC 0.85±0.30 0.52±0.29 Yes 
1% API CNC 1.08±0.37 0.66±0.36 Yes 
0.8% CNC SSW CNC 0.86±0.29 0.53±0.28 No 
0.8% CNC 1.9M NaCl 0.79±0.25 0.48±0.25 No 
0.8% CNC 0.98M NaCl 0.78±0.29 0.48±0.28 No 
0.8% CNC 0.65 M NaCl 0.99±0.33 0.60±0.32 No 
0.8% CNC 0.32M NaCl 0.92±0.33 0.56±0.32 No 
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3.5. Quantification of biodegradation of crude oil 
Biodegradation of crude oil by Serratia marcescens was measured by quantifying the 
concentration of C15-C20 aliphatic hydrocarbons using GC/Q-ToF. Figure 3-7 shows the 
chromatograms of hydrocarbon standards (Figure 3-7a) along with the crude oil (Figure 3-7b). 
The results of the biodegradation study were expressed as the percentage (error bars represent 
standard errors) of hydrocarbons degraded (Figure 3-7c) by the bacteria after 5 days of 
incubation in the presence and absence of CNCs. It was found that after 5 days of incubation, the 
presence of CNC in crude oil to emulsify them resulted in improved degradation of hydrocarbons 
in the crude oil. For C15 hydrocarbons the extent of degradation improved from 1.3±1.1% 
without CNC to 6.2±3.3% in the presence of CNC. Similarly, after 5 days of incubation, the 
average degradation tended to increase from 8.3±2.5 to 9.0±6.5, 11.8±0.1 to 15.1±6.1, 6.9±4.7 to 
11.8±6.2, 11.5±3.4 to 19.2±5.2, and 6.8±5.2 to 13.6±4.4 % in the presence of CNC for C16, C17, 
C18, C19, and C20 respectively. Unfortunately, the magnitude of errors prevents conclusive 
evidence that the biodegradation increased for the emulsified oil.  This observation suggests that 
a larger surface area of the oil drops due to emulsification by CNC may lead to increased 
biodegradation of linear alkanes by bacteria. The formation of stable oil droplets increases the 
surface area of the oil available for the microbes to colonize, it also promotes the diffusion of 
microbes to the oil-brine interface and provides an aquatic environment for microbial growth and 
biodegradation of oil.[233,234] It has been suggested that the biological degradation observed in 
could primarily be due to the consumption of hydrocarbons close to the oil-water interface, 
further highlighting the importance of an increase in oil surface area to promote 
biodegradation.[219] 
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Figure 3-7: a) a GC chromatogram of hydrocarbon standards (C15-C20) with internal standard b) 
GC chromatogram of crude oil control after 5 days of incubation c) Biodegradation of crude oil 
hydrocarbons by Serratia marcescens in the presence and absence of CNC. 
It should be noted, however, that samples containing no CNC degraded more after 10 
days of incubation and CNC either decreased or did not significantly improve the degradation of 
crude oil linear alkanes. Under the incubation conditions (32oC and shaking at 120 rpm), the 
emulsions broke within 5 days. It is not clear at the moment as to what could cause the 
degradation to cease but it could be because the breaking of emulsions would result in limited 
surface area of oil which in turn would limit the degradation of hydrocarbons. High emulsion 
viscosity would possibly result in limited motility of the microorganisms keeping them away 
from the interfacial region. It has been reported that small increment in viscosity (0.8 to 5 mPa.s)  
increases the swimming velocities of flagellated bacteria, however, beyond 10 mPa.s, further 
increase in viscosity severely reduced the motility of bacteria.[235] Overall, the results suggest 
that emulsification by CNC could be effective at increasing rates of crude oil biodegradation, as 
long as emulsion conditions such as viscosity and superficial affinity are adjusted to provide a 
better environment for the microorganism.  
The effectiveness of common emulsifiers on improving the biodegradation of 
hydrocarbons using different Pseudomonas and Bacillus strains was tested in a study. The results 
showed that the presence of emulsifiers does not necessarily translate into improved 
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biodegradation.[236] For instance, the presence of emulsifier AT7, Tween 80, L-10, and 
Lutensol GD did not improve the biodegradation of hydrocarbons by Pseudomonas aeruginosa 
and in some instance adversely affected the ability of the bacteria to degrade hydrocarbons. In 
the absence of emulsifiers, however, the bacterial strain degraded a higher percentage (30-50%) 
of the hydrocarbon than the bacteria used in this study (1-12%). It is further argued that the 
synergistic interactions between bacterial strain and emulsifiers are very important for improved 
efficiency of biodegradation.  
The outer surface of Serratia marcescens, a gram-negative bacterium, is negatively 
charged due to the presence of different lipopolysaccharides (LPS). These LPS molecules bind to 
each other in the presence of electrolytes and screen the negative surface charge.[237] A similar 
phenomenon is the screening of superficial negative charge on CNC surface results in the 
aggregation of CNCs as well. Thus under conditions tested herein where the electrolyte 
concentration is very high in the aqueous medium, the electrostatic repulsion between CNC and 
the bacterial cell wall is limited to a range of few Angstroms (Å) and the electrostatic potential 
between two surfaces can essentially be considered close to 0 mV.[77] This creates a favorable 
environment for adsorption of bacteria to the surface of CNC stabilized oil-droplets which in turn 
could potentially improve the biodegradation of hydrocarbons. 
4. CONCLUSIONS 
The biodegradation of petroleum hydrocarbons by Serratia marcescens appears to have 
increased from 1-12% to 6-19% over a 5 days incubation period in the presence of non-toxic and 
environmentally benign CNCs but could not be determined conclusively due to overlapping 
margin of errors. Such improvement in hydrocarbons degradations without any use of chemical 
dispersants could imply that CNC can be potentially be used as an alternative to chemical 
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dispersants in events of oil-spills. The ability of the bacteria to effectively decompose alkanes in 
crude oil was governed by the stability of crude oil emulsion in brine prepared using CNC.  
Stable O/W emulsions of crude oil were prepared using CNC suspension in different brine 
solutions. The stability of emulsions (w=0.95) prepared using 0.8 wt% CNC was studied in 
terms of their resistance to creaming and droplet coalescence.   It was shown that increasing the 
CNC concentration decreased the rate of emulsion creaming, however, as the CNC concentration 
increased the extent of droplet coalescence also increased.  Higher CNC concentrations likely 
increased the viscosity of the continuous phase resulting in reduced creaming.   At the same time, 
it is proposed that a thick CNC crust and larger aggregates would increase van der Waals’ 
attraction forces and lower the resistance to capillary forces of the thin film between droplets. 
Coalescence was only evident in API brine (I = 1.9 M) after 24 h.  For emulsions prepared in 1.9 
M NaCl, the proportion of larger droplets and D[3,2] decreased after 24 hours, however, a 
hypothesis test indicated no change on the mean diameters. The presence of divalent cations only 
had an effect on coalescence for ionic strengths of 1.9 M.  No significant change in droplet size 
distribution was observed over 24 h for emulsions prepared at lower ionic strengths, including in 
synthetic seawater.   
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CHAPTER 4  
Stabilization of CO2 emulsions and foams stabilized by a 
combination of cellulose nanocrystals and cationic surfactant in 
high ionic-strength brine at elevated temperature and pressure 
 
 
ABSTRACT 
Stable supercritical CO2 (scCO2) emulsions and foams with the CO2 volume fraction of 
0.75 were prepared at 25C and 70C respectively using CNC suspensions in API brine in the 
presence and absence of DTAB. The results indicate CNC can be used as an emulsion/foam 
stabilizer for potential underground CO2 storage and EOR applications. The results showed that 
CNC suspension can stabilize scCO2 emulsions and foams that were resistant to creaming and 
macroscopic coalescence over 24 hours. DTAB containing emulsions and foams showed 
creaming at 25oC and macroscopic bubble coarsening at 70oC. The Kamlet Taft parameter for 
polarizability (π*) for heptane (π*=-0.07) and PFO (π*=-0.41) at ambient conditions is identical 
to π* for CO2 at 60 °C at the pressures of 4930 psi and 1300 psi respectively. Emulsion stability 
studies of heptane and perfluorooctane (PFO), as model compounds, at 25 and 70oC showed 
heptane formed stable emulsions at both temperatures and PFO did not form stable emulsions 
with either CNC or CNC+DTAB conjugates present in brine. The result suggests the polarity of 
the oil phase is an important factor governing the stability of emulsions. CNC suspensions 
lowered ow between heptane and brine from 50.6±0.2 mN/m to 37.6±0.5 mN/m, however, the 
presence of CNC did not alter ow between PFO and brine suggesting CNCs preferentially adsorb
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onto the heptane-brine interface. However, when DTAB is present, CNC increased ow between 
heptane and the DTAB/brine solution suggesting the adsorption of DTAB onto CNC 
surface.Excess stress of heptane CNC stabilized emulsions was higher at that of CNC+DTAB 
stabilized at a lower shear rate, whereas, the trend was reversed at a higher shear rate. Heptane 
emulsions prepared using CNC only produced larger droplets but showed no droplet coalescence 
over 24 hours, whereas, CNC+DTAB stabilized emulsions produced finer droplets but showed 
droplets coalescence. 
Keywords: scCO2 emulsions, Cellulose nanocrystals, Foams, Viscosity, Excess stress, Interfacial 
tension, Surfactants 
 
1. INTRODUCTION 
Emulsions and foams form a range of consumer and industrial products that are used 
regularly. These heterogeneous mixtures of fluids (liquid-liquid or liquid-gas) find applications 
in consumer products such as food cosmetics and pharmaceuticals.[238–241] They are also 
frequently used for enhanced oil recovery (EOR) and oil spill cleanup.[242–244] Nanoparticles 
(NPs) can produce a more stable fluid-fluid interface due to the high energy of desorption 
associated with these particles adsorbed at the fluid-fluid interface. Surfactants polymers and 
nanoparticles have all been used with varying degrees of success to stabilize emulsions and 
foams. Surfactants favor droplet/bubble formation by lowering the surface/interfacial tension 
between the fluids, thus lowering Gibbs free energy of droplet formation. Nanoparticles, on the 
other hand, form a rigid barrier around droplets and foams and prevent their 
coalescence.[69,175,177] At elevated temperatures surfactant stabilized emulsions and foam can 
coalesce due to the desorption of surfactants from the interface while particle-stabilized 
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Pickering emulsions and foams are more likely to be resistant to coalescence due to their 
irreversible adsorption at the interface.[64,178]  
A combination of nanoparticles and surfactants have been used in recent years to improve 
the stability of Pickering emulsions and foams. Inorganic nanoparticles such as silica CuO and 
clay have been used in conjunction with polymers (polyacrylamide) and surfactant (sodium 
dodecyl sulfate) to produces O/W Pickering emulsions containing 25% v/v lubricant oil that was 
stable up to the temperature of 98oC and ambient pressure. The results indicated the addition of 
nanoparticles improved the thermal stability of emulsions in comparison to emulsions stabilized 
using only polymer and surfactant. [245] Furthermore it was found that at identical surfactant 
and polymer concentration clay nanoparticles generated thermally stable emulsions at a lower 
concentration.[245] The stability of D-limonene emulsions in water stabilized by 0.2wt. % 
cellulose nanocrystals (CNCs) to creaming at different temperatures was examined by placing 
the prepared emulsion in a water bath at temperatures ranging from 20oC to 70oC. It was found 
that an increase in temperature resulted in a decrease in the creaming of the emulsions. The 
authors speculated that the adsorption of CNC to the oil-water interface formed a 2D network at 
the interface which upon increasing the temperature resulted in a decrease in the interparticle 
distance which in turn enhanced attractive force among the particles.[246] 
Stable CO2 emulsions and foams can be used extensively for EOR processes for the 
displacement of oil during CO2 flooding. However CO2 emulsions and foams that are stable at 
elevated temperatures and pressures that mimic geological underground conditions can also be 
used to efficiently store CO2 underground thus contributing to mitigate global warming.[247,248] 
Traditionally these CO2 emulsions and foams are stabilized by polymers and surfactants. In 
recent years however silica NPs have been successfully used to prepare supercritical CO2 
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emulsions at temperature and pressures up to 95C and 4000 psi, respectively.[249–251] CO2 
emulsions with volume fractions as high as 0.95 were stabilized [252]; it was found that the 
addition of surfactants resulted in their adsorption to the surface of hydrophilic silica and an 
increase in the carbon dioxide/water/nanoparticle contact angle contributing to the stabilization 
of the CO2-water interface. The interfacial tension between CO2 and water was also decreased 
due to the adsorption of surfactants to the fluid-fluid interface which facilitates the formation of 
emulsion droplets.[64] 
Inorganic nanoparticles possess significant advantages over traditional surfactants but in 
recent years biobased anisotropic nanoparticles such as cellulose nanocrystals (CNC) and 
chitosans have attracted research interest as anisotropic nanoparticles are more efficient than 
their identical isotropic spherical counterparts in stabilizing these emulsions and 
foam.[127,141,253,254] Furthermore, these biobased NPs have other desirable properties such as 
biocompatibility, lower toxicity, surface reactivity, and bioavailability, making them attractive 
candidates for preparing CO2 emulsions and foams at elevated temperatures and pressures. 
Chitosan (0.1% w/v) stabilized emulsions containing 20% v/v medium-chain triglycerides 
(MCTs) were placed in a water bath and the temperature was increased to 90oC. The emulsion 
stability was measured in terms of creaming and coalescence, it was reported that the emulsions 
were stable for up to 50oC with no change in D[4,3] or creaming index reported. Beyond 50oC 
the emulsion broke as indicated by an increase in both the creaming index and D[4,3] of the 
emulsion droplets.[255] 
In this study, we report for the first time the preparation of CO2 emulsions at high 
temperature and pressure using CNC and determine the effect of CNC and DTAB addition on 
the interfacial tension between CO2 and brine.  We also report the effect of organic phase 
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polarity, temperature and pressure on stability and surface properties of CNC stabilized 
emulsions and foams in the presence of the cationic surfactant DTAB. Emulsions were prepared 
using heptane and perfluorooctane (PFO) to mimic the polarity of CO2 at different conditions of 
temperature and pressure. The stability of these emulsions at elevated temperatures was 
examined in terms of creaming and coalescence in high salinity brine, whereas PFO did not 
emulsify at all, while heptane formed stable emulsions with brine. 
2. EXPERIMENTAL SECTION 
2.1. Materials 
Cellulose nanocrystals (11.5 wt.%) prepared from Pinus strobus (Northern pine) wood 
pulp made by the USDA Forest Products Laboratory and distributed by The University of Maine 
was used as received. The dimensions (length = 130.3±41.5 nm, height = 6.3±1.8 nm)and 
characteristics of the nanocrystals used are detailed in our earlier publication.[9] Reagent grade 
heptane (99.8%) Perfluorooctane (99.9%) was purchased from Sigma Aldrich (St. Louis MO) 
and was used as received. Dodecyltrimethylammonium bromide (DTAB) ≥ 90%, calcium 
chloride dihydrate (CaCl22H2O) and sodium chloride (NaCl) were all purchased from Sigma 
Aldrich and used as received. Supercritical fluid grade carbon dioxide scCO2 (<50 ppm 
moisture) was purchased from Airgas USA LLC (Tupelo MS) and was used as received. API 
brine (100%) was prepared using 2 wt.% CaCl2 and 8 wt.% NaCl.  
2.2. Preparation of aqueous phase 
The aqueous phase used in the study was 1.5 wt. % CNC suspensions in 100% API brine 
with and without 0.45 g/L DTAB. Briefly, surfactant in brine solution was first prepared by 
adding 0.9 g/L DTAB to 200% API brine; an equal volume parts of 3 wt.% CNC in DI water 
was then added to the surfactant solution while mixing to prevent gelation to make the aqueous 
phase with final CNC concentration of 1.5 wt. % and DTAB concentration of 0.45 g/L in the 
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aqueous phase. For the measurement of interfacial tensions between the aqueous and organic 
phases, 0.5 wt.% CNC suspensions were used to avoid particle sedimentation and blockage of 
capillary tubes and needles utilized during the measurements. The pH of all aqueous phases used 
in the study was adjusted to approximately 3.0 using 0.1 M HCl. This is the equilibrium pH for a 
CO2/API brine mixture at 70C and 2940 psi. The aqueous phases in the study thus consist of 
flocculated CNC dispersed in solutions of DTAB in API brine. 
2.3. Interfacial tension measurements 
The interfacial tensions between the aqueous phases and oil or CO2 were measured at 
25oC and 50oC.  The organic phase consisted of heptane or perfluorooctane, in addition, CO2 in 
its liquid and supercritical state was also used for interfacial tension measurements between 
aqueous phases and CO2. Interfacial tension (ow) measurements between solutions that did not 
have CNC were carried out using the DuNuoy’s ring method after allowing the fluids to 
equilibrate for 10 mins in a Sigma 701 force tensiometer (Nanoscience Instruments Phoenix 
Arizona). The ow of samples that contained 0.5 wt.% CNC dispersion was measured using 
axisymmetric drop shape analysis of a pendant aqueous phase drop in the presence of excess oil 
in an Attention theta optical tensiometer (NanoScience Instruments Phoenix AZ).[187] It should 
be noted that when perfluorooctane was used as an organic phase a U-shaped needle was used to 
keep the aqueous droplet in place due to the higher density of the organic phase. Contours of the 
resulting droplet's shape were fitted to the Young-Laplace equation [176] to calculate interfacial 
tension between oil and brine.  
∆𝑝 = 𝜌𝑔ℎ − 𝛾 (
1
𝑅1
+
1
𝑅2
) (1) 
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Where Δp is the pressure difference across the interface,  is surface or interfacial tension,  R1 
and R2 are principal radii of curvature, and the term ρgh is hydrostatic pressure. 
The interfacial tension between scCO2 and the aqueous phases at 25
oC and 70oC were 
measured at different pressures using the same optical tensiometer but with slight modifications. 
An in-house built pressure view cell (Figure 4-1), with temperature control, was used to measure 
the interfacial tension. Briefly, the high-pressure view cell was pressurized using an ISCO pump 
upto the desired pressure and then separated from the pump at valve (V6’) the temperature inside 
the view cell was controlled using a heating tape connected to a PID controller. The view cell 
was then placed carefully on top of the tensiometer stage and its windows aligned with the 
camera (Appendix C Figure S3.1). The aqueous phase containing CNC suspension and 
surfactants in brine was pressurized to a pressure slightly higher than that inside the view cell, 
using a manual hand pump. A drop of the aqueous phase was formed at the end of the needle 
placed inside the view cell by allowing the aqueous phase to flow into the view cell by opening a 
valve (V3’). The interfacial tension was then measured using equation 1. 
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Figure 4-1: Schematic diagram of the apparatus used to measure the interfacial tension between 
CO2 and CNC in brine 
2.4. Emulsion Preparation and Characterization 
The emulsions were prepared using heptane and PFO as model dispersed phases with 
similar polarity as supercritical CO2. The Kamlet Taft parameter dipolarity/polarizability 
parameter (π*) is used to quantify the polarity of solvents; supercritical CO2 at 60 °C and 90 bar 
have a π* of - 0.47, while at the same temperature and 340 bar, it is - 0.04. At ambient 
conditions, perfluorooctane has a value of -0.41 and heptane - 0.07.[256–258]  The solvents used 
do have some limitations in mimicking properties of supercritical CO2 one being the density 
difference between these organic solvents and supercritical CO2, however, these fluids can be 
used to narrow down and identify optimal conditions for generation of CO2 emulsions and 
foams. Mixtures containing aqueous phase volume fractions (w) of 0.1, 0.2 and 0.25, and 
organic solvents (heptane or perfluorooctance) volume fractions (o) of 0.9, 0.8 and 0.75, were 
added to a 20 mL screw-capped vial to make the final liquid volume 10 ml. The samples were 
then homogenized using a high-shear mixer IKA Ultra-Turrax T-25 Basic (Atkinson NH) at 
 
105 
8000 rpm for 1 minute. In order to prepare emulsions at a high temperature the organic and 
aqueous phases were added to Aceglass high-pressure tubes and mixed using the high shear 
mixer. The resulting emulsions were then placed in an oil bath such that the temperature of 
emulsions inside the tube was 70oC.  
2.5. Emulsion stability 
Emulsion stability was measured in terms of droplet coalescence and creaming.  Droplet 
coalescence at room temperature was studied by monitoring the change in emulsion droplet 
diameter over 24 hours by image analysis of optical micrographs created by an optical 
microscope (AmScope 500MD). A small aliquot of the emulsion was transferred to a microscope 
slide by spatula and a uniform layer of the emulsion was formed by gently placing a glass 
coverslip over the top of the emulsion drop; droplets micrographs were analyzed using ImageJ 
software (U.S. NIH)  to generate droplet size distribution. The stability of emulsions to increase 
in temperature was thus measured in terms of change in average droplet diameter at 25oC and 
70oC. Emulsions' resistance to creaming was measured by monitoring the position of creaming 
front over 24 hours by analyzing pictures using ImageJ (U.S. NIH).  
2.6. Emulsion rheology and excess stress 
The viscosity of aqueous phases and emulsions (w=0.75) were measured as a function of 
shear rate at room temperature using Bohlin Visco 88 viscometer (Malvern Panalytical UK) 
fitted with cup and bob probe. Furthermore, for incompressible fluids, the excess stress (excess) 
of the emulsions having an oil volume fraction (o) was calculated using equations 2 and 3. [259] 
𝜎 = −𝑃𝑰 + (1 − 𝜙𝑜)𝜏𝑚 + 𝜙𝑜𝜏𝑑 − Γ𝐪  (2) 
Where  is total stress P is hydrostatic pressure, I is unit tensor, m is stress acting on the 
continuous phase, d is the stress on discrete phase,  is the interfacial tension between the 
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continuous and discrete phase, and q is specific anisotropy tensor. The final term of equation 2 
relates interfacial tension to bulk stress and is referred to as excess stress (excess). Thus ignoring 
the hydrostatic pressure (first term in equation 2) in all samples and considering only stress in the 
flow direction transferred perpendicular to it, equation 2 can be reduced to equation 3. [259] 
𝜎𝑒𝑥𝑐𝑒𝑠𝑠 = 𝜎 − (1 − 𝜙𝑜)𝜏𝑚 + 𝜙𝑜𝜏𝑑  (3) 
2.7. CO2/brine emulsions/foam generation and apparent viscosity measurement 
A schematic diagram of the apparatus used to generate CO2/brine foams is shown in 
Figure 4-2. CO2 and CNC dispersions in brine were pumped into the apparatus using ISCO 
Pumps controlled by D-series controllers. CO2 foams and emulsions were generated at 25
oC and 
70oC. The total volumetric flow rate of the fluids into the apparatus was set at 1.5 ml/min with 
the volumetric ratio of CO2: aqueous phase set at either 0.75:0.25 or 0.8:0.2. During the 
experimentation at 70oC volumetric thermal expansion of CO2 was take in into account to ensure 
that the total flow rate and volume ratios were maintained inside the glass bead pack. The 
porosity of the bead pack was calculated to be 0.39 with the pore volume (PV) of 0.41 ml (ID: 
0.16 cm length: 29.74 cm). The permeability (k) of the beadpack at the flow rate of 1.5 ml/min 
was calculated to be 45.5 darcy, the superficial velocity of the fluid inside the beadpack was 0.32 
cm/s and the residence time inside the beadpack was 16.45 s. The shear rate experienced by the 
fluids in the capillary coil was calculated to be 497.4s-1. The temperature inside the apparatus 
was maintained at 70oC using a thermostat connected immersion heater and the pressure was 
maintained at 3000 psig using a backpressure regulator (Swagelok AL) with a control range of 0-
4000 psig. Before starting the experiment, the beadpack was conditioned by pumping 25 PV (10 
ml) of CNC dispersion through it. The experiments were typically conducted for 140–150 
beadpack PVs of total flow. The apparent(app) and bulk viscosity (bulk) of the foams flowing at 
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the volumetric flow rate (Q) through a packed bed and capillary were calculated using Darcy’s 
(equation 4)  and Hagen-Poisueille equations (equation 5),  [260] respectively assuming the foam 
as single-phase system.  The pressure drops (P1) and (P2) were measured across the packed 
bed and capillary coil (R: 0.08 cm L: 210 cm) respectively.  
𝑄 =
𝑘𝐴∆𝑃1
𝜇𝑎𝑝𝑝𝐿1
  (4) 
In equation 4, k is the permeability of the packed bed, A is the cross-sectional area of the bed and 
L1 is the length of the bed across which the pressure drop is measured. [261] 
𝑄 =
𝜋𝑅4∆𝑃2
8𝜇𝑏𝑢𝑙𝑘𝐿2
  (5) 
In equation 5, R is the internal radius and L2 is the length of the capillary coil. The effect of 
temperature on the apparent and bulk viscosities of CO2 emulsions and foams were measured at 
25oC and 70oC. 
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Figure 4-2: Schematic diagram of the CO2-brine emulsion/foam generating apparatus 
 
Finally, the stability of foam/emulsion generated was examined by allowing the foams to 
flow into the high-pressure view-cell immersed in a water bath maintained at the desired 
temperature. The emulsions/foams were then isolated inside the view-cell by closing the inlet 
and outlet to the view-cell. The digital photographs of the foams/emulsions were then taken 
through a sapphire glass window located on the cross-section of the view cell for 24 hours to 
study their stability to coalescence and creaming. 
3. RESULTS AND DISCUSSIONS 
3.1. Brine-oil interfacial tension and interactions 
The interfacial tensions between brine and oils were measured at 25oC and 50oC in the 
presence of 0.5 wt.% CNC, 0.45 g/L DTAB and with a combination of both, the results are 
summarized in Table 4-1. The interfacial tensions between API brine and heptane were lowered 
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to 37.6±0.5 mN/m and 6.2±0.1 mN/m in the presence of CNC and DTAB respectively. The 
observation suggests that the CNC flocs migrate to the heptane-water interface where they are 
most likely to orient themselves such that the hydrophobic (2 0 0) edges are aligned in 
heptane.[32] The addition of CNC to the DTAB solution in brine increased the ow to 13.3±1.8 
mN/m, suggesting adsorption of DTAB onto the surface of CNC. Such occurrence is likely to 
result in a decreased surface concentration of DTAB molecules causing the ow to 
increase.[40,180,262] Our earlier study indicates that short-range electrostatic and ion-dipole 
interactions between negatively charged CNC and cationic DTAB could act as a driving force for 
the adsorption of DTAB molecules onto the surface of CNC.[40]  PFO-brine interfacial tension, 
however, was unaffected by the presence of CNC but DTAB lowered ow to 13.1±0.1 mN/m, 
suggesting that due to its lower polarity, CNCs do not adsorb to the PFO-brine interface. Upon 
addition of CNC to DTAB-brine solution, an increase in ow was observed in the heptane-brine 
interface, however, no change in ow was observed between PFO and the DTAB-brine solution.  
Further study is needed to fully comprehend the migration of DTAB and CNC to the oil-brine 
interface. It is could be possible that due to the lower polarity of PFO in comparison to heptane, 
free DTAB, CNC, and the DTAB+CNC conjugate, can all partition to the heptane-brine 
interface. PFO, on the other hand, is comparatively non-polar which could result in preferential 
partitioning of CNC and CNC+DTAB conjugates to the aqueous phase. In such a case any 
changes in ow would only be attributed to DTAB molecules hence no clear effect in ow in the 
presence of CNC. 
The increase in temperature slightly lowered the interfacial tension between API brine 
and heptane regardless of the presence of additives in the solution, although the effect was more 
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prominent in heptane. The changes observed in ow with temperature were not statistically 
significant in case of the PFO-brine interface.  
Table 4-1: Measured ow between API brine and heptane or PFO at 25oC and 50oC in the 
presence of either DTAB CNC or their combination.  DTAB concentration: 0.45g/L, CNC 
concentration: 0.5 wt.%. 
 
3.2. Stability of emulsions prepared using heptane and perfluorooctane 
A total of 10 ml emulsion was prepared using heptane and PFO at w of 0.9, 0.8 and 0.75 
as oil phase and 1.5 wt. % CNC, 0.45g/L DTAB, or 1.5 wt.% CNC+ 0.45g/L DTAB as aqueous 
phase.  Figure 4-3 shows the creaming behavior of emulsions prepared using CNC suspension in 
brine as the aqueous phase and heptane as the organic phase at 25oC (Figure 4-3a) and 70oC 
(Figure 4-3b-3d). It was found that at 25oC, emulsions prepared using only 0.45g/L DTAB 
creamed very fast and separated into individual phases within one hour of emulsification. CNC 
and CNC+ DTAB produced significantly more stable emulsions for all w tested that were 
resistant to creaming for at least 24 hours. The emulsions prepared using CNCs and 
CNC+DTAB were stable to creaming for at least 4 months. CNC and CNC+DTAB conjugates in 
high ionic strength brine (I=1.9M) have their surface charge screened due to the collapse of the 
electric double layer causing the aggregation of individual particles and conjugates. This results 
in the formation of the CNC and CNC+DTAB networks contributing to an increase of the 
aqueous phase and thereby forming gel-like emulsions.[121,127,128] The adsorption of DTAB 
  Heptane Perfluorooctane 
 Stabilizer 25oC 50oC 25oC 50oC 
ow 
(mN/m
) 
Std.dev 
(mN/m
) 
ow 
(mN/m
) 
Std.dev 
(mN/m
) 
ow 
(mN/m
) 
Std.dev 
(mN/m
) 
ow 
(mN/m
) 
Std.dev 
(mN/m
) 
None 50.6 0.2 49.1 0.2 50.7 0.6 50.8 0.9 
DTAB 6.2 0.1 5.8 0.2 13.1 0.1 13.3 0.8 
CNC 37.6 0.5 31.8 0.7 50.9 0.9 -- -- 
CNC+DTA
B 
13.3 1.8 13.2 0.2 14.2 0.7 -- -- 
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onto the surface CNC aggregates in brine that increases the hydrophobicity of the CNC 
aggregates and thus facilitates the migration of CNC onto the oil-water interface.[40,42] 
Emulsions prepared using PFO, on the other hand, were not stabilized by either DTAB, CNC or 
their combination, at 25oC. This observation coupled with the interfacial tension measurement 
further indicates that due to the low polarity of PFO, CNC and CNC+DTAB conjugates, do not 
migrate to nor stabilize the PFO-brine interface, and preferentially partition to the aqueous phase.  
The heptane emulsions stored at 70oC prepared using DTAB only (Figure 4-3b) broke 
within 1 hour, whereas CNC or CNC+DTAB stabilized emulsions (Figure 4-3c-3d) with w of 
0.25 and 0.2, were stable at the elevated temperature. Emulsions in PFO, however, could not be 
stabilized at 70oC either (Figure 4-4). The higher density difference between the PFO and 
aqueous phase along with the lower polarity of PFO possibly contributes to the low stability of 
the PFO-brine interface. It has been reported that as the polarity of the oil decreases, the oil-
water interfacial tension increases which can increase the energy required for the drop formation 
resulting in unstable emulsions. [263] The observation further supports claims that the adsorption 
of particles at the interface can be essentially considered irreversible due to the high adsorption 
energy (Eads)  at the interface. [264] 
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Figure 4-3: Heptane emulsions prepared at a) 25oC using the combination of CNC and 
surfactants. Emulsions at 70oC using b) DTAB only c) CNC only and d) CNC+DTAB; w 
represents the volume fraction of the aqueous phase in the emulsions. 
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Figure 4-4: PFO emulsions at 70oC prepared using a) DTAB only b) CNC only and c) 
combination of CNC and DTAB 
The emulsions prepared using CNC only generated larger droplets (Appendix C Table 
S3.1) but showed no signs of droplet coalescence over 24 hours period (Figure 4-5a-5c). 
Interestingly the presence of DTAB in the aqueous phase resulted in the formation of smaller 
initial emulsion droplets (Appendix C Table S3.1), however, emulsions prepared using DTAB 
only completely coalesced within 1 hour of emulsification. Emulsions prepared using 
CNC+DTAB showed an increase in droplet diameters (Appendix C Table S3.1) over 24 hours 
and a slight broadening of size distribution peak (Figure 4-5d-5f) after 24 hours. It is not clear at 
this moment as to why the CNC+DTAB stabilized emulsions initially produced finer droplets 
and showed coalescence. One possible explanation could be that in emulsions stabilized by 
CNC+DTAB, the proportion of DTAB, CNC, and CNC+DTAB conjugates at the surface of 
droplets are likely to differ from one droplet to another. In such conditions, it is plausible to 
expect the droplets stabilized by a relatively higher proportion of DTAB to coalesce to a bigger 
droplet until CNC or CNC+DTAB account for surface coverage of droplets that arrests the 
droplet growth. 
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Figure 4-5: Droplet size distribution of heptane emulsions at room temperature using CNC only 
with the aqueous phase volume fraction of a) w=0.1 b) w=0.2 and c)w=0.25 and using a 
combination of CNC+DTAB  with the aqueous phase volume fraction of d) w=0.1 e) w=0.2 
and f) w=0.25. Solid Line=0 hour, Dashed line=24 hours 
 
3.3. Heptane-emulsion viscosity and excess stress 
The viscosity of heptane emulsions and the aqueous phases used (CNC and 
CNC+DTAB) to prepare them were measured using the Bohlin Visco-88 rheometer. The 
viscosity of the samples plotted as the function of the shear rate is presented in Appendix C 
Figure S3.3. The addition of CNCs to the brine solution resulted in the formation of a non-
Newtonian suspension and increased its viscosity from approximately 1 mPa.s to 250 mPa.s at 
the lowest shear rate studied (14.9 s-1). It has been established that polymers and nanoparticles 
increase the viscosity of the continuous phase in  O/W emulsions and thereby retard the 
movement of droplets, increase the maximum droplet concentration, and decrease the rate of 
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creaming and coalescence.[265] The results indicate that the presence of DTAB did not 
significantly affect the viscosity of the aqueous phase. The viscosities of aqueous phases were 
approximately 250 mPa.s which increased to approximately 1200 mPa.s for the emulsions 
(w=0.25) at 14.9 s-1. The excess in mixtures of incompressible fluids measures the direct 
contribution of interfacial tension to bulk stress. [259] It was calculated using equation 3 and 
plotted as the function of the shear rate in Figure 4-6. The result appears to indicate that excess of 
CNC+DTAB stabilized emulsions were higher than the excess stress of emulsions stabilized 
using CNC only however there is no conclusive evidence for this observation due to overlapping 
of the margin of error. This indicates the contribution of the interface to the overall stress transfer 
appears to be greater for CNC+DTAB conjugates.  It is possible that at lower shear rates, the 
CNC stabilized emulsions also lead to a greater interfacial contribution, but it was not possible to 
accurately measure viscosities at lower shear rates. 
 
Figure 4-6: Excess stress plotted as a function of shear rate for heptane-brine interface stabilized 
by CNC and CNC+DTAB  
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3.4. scCO2 emulsions and foams  
CO2 emulsions and foams were prepared at 25
oC and 70oC, and a pressure of 3000 psig 
using CNC and CNC+DTAB. The stability of the prepared emulsions and foams was measured 
in terms of change in foam volume. Figure 4-7 shows the macroscopic structure of the emulsions 
and foams over the 24 hours. The CO2 emulsions with CNC only were stable for 24 hours with 
no significant signs of creaming, whereas the emulsions prepared using CNC+DTAB conjugates 
showed the creaming of the emulsions. Image analysis of the emulsions indicated that the 
volume of the CNC+DTAB stabilized CO2 emulsions dropped by 22.0±0.6 % over 24 hours, 
there were no visual signs of droplet coarsening at 25C in either sample. At 70C, scCO2 foams 
stabilized by CNC+DTAB conjugates showed a volume decrease (21.3±0.3%) as well as bubble 
coarsening that was visible macroscopically. CNC stabilized foams at 70C also showed slight 
creaming, but no macroscopic signs of coalescence were observed. The enhanced stability of the 
foams and emulsions prepared using CNC is likely attributed to the large desorption energy 
requirement for particles from the interface compared to surfactants. In a previous study, we 
determined adsorption energy of CNC in a dodecane/API brine interface of -413 kT, while the 
addition of DTAB lowered its magnitude to -253 kT.[40]  Additional work is still required to 
provide similar measurements in scCO2.  It should be noted that emulsions and foams with lower 
w (Appendix C Figure S3.4) could not be stabilized by the aqueous phase consisting of CNC 
only or CNC+DTAB.  
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Figure 4-7: Images of CO2 emulsions and foams prepared using CNC only at a) 25
oC and b) 
70oC and conjugates of CNC+DTAB at c)  25oC and d)70oC.  Pressure = 3000±50 psi 
 
At the conditions tested in this study (high pressure and temperature) the solubility of 
CO2 increases,[266]  this increased solubility is likely to contribute to the process of Ostwald 
ripening resulting in the diffusion of CO2 from the smaller droplets (or bubbles) into larger ones, 
resulting in droplet coarsening. The maximum capillary pressure (𝑃𝑐
𝑚𝑎𝑥) a film stabilized by 
particles of radius (R) can withstand before it ruptures and is given by equation 7.[57,85,86] 
𝑃𝑐
𝑚𝑎𝑥 = 𝑝∗
2𝜎
𝑅
(cos 𝜃 + 𝑧)  (7) 
In equation 6, p* is a positive dimensionless parameter that is a function of interface coverage 
and packing parameter of the particles at the interface.  is the interfacial tension between fluids, 
 is the contact angle between particle and fluids and z is a constant dependent on the 
arrangement of fluids in the film. In cases of high internal phase emulsions and foams, the 
capillary pressure increases with an increase in the volume fraction of the internal phase [252] 
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pushing it closer to 𝑃𝑐
𝑚𝑎𝑥 and thus increasing the likelihood of film rupture and droplet 
coalescence.  
The apparent viscosity of emulsions and foams in the bed pack and the bulk viscosity was 
measured using darcy’s equation and the Hagen–Poiseuille equation respectively. It should be 
noted that the Hagen–Poiseuille equation approximates the emulsions (or foam) as a single 
component system consisting of a Newtonian incompressible fluid. These assumptions are not 
valid for the system tested in this study; however, it provides a meaningful tool for qualitative 
comparisons between different systems.  As such, the Hagen-Poiseuille equation has been 
extensively used in literature to provide rough estimates of steady shear viscosities.[64,252,267] 
The calculated viscosities of the emulsions, foams and aqueous phases are listed in Table 4-2. 
The results indicate that viscosities of CNC stabilized emulsions (or foams) were not 
significantly different than the viscosities of aqueous phase alone. The viscosities of 
CNC+DTAB stabilized emulsions, however, showed an increase in viscosities compared to the 
aqueous phase consisting of CNC+DTAB conjugates. It should be noted, however, that the 
emulsions (and foams) in Table 4-2 only have 20% v/v aqueous phase and the CO2 has a nearly 
negligible viscosity compared to the aqueous phase.  The fact that the viscosity of the emulsion 
(and foam) is similar to that of the aqueous phase indicate a significant contribution of the 
interface.  Interestingly, despite the increased viscosity, more creaming was observed in 
CNC+DTAB stabilized emulsions and foams and in general produced less stable emulsions, 
compared to CNC stabilized systems. This result suggests that the rheology of emulsions and 
foams alone cannot predict the stability of emulsions and foams.  
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Table 4-2: Apparent and bulk viscosities of scCO2 emulsions and foams stabilized by CNC and 
CNC+DTAB conjugates. w = 0.25. 
Temperature Emulsions/Foam Aq. Phase 
CNC API CNC+ DTAB CNC API CNC+ DTAB 
Average Std. 
dev 
Average Std. 
dev 
Average Std. 
dev 
Average Std. 
dev 
25oC a (mPa.s) 5.0 2.4 26.8 5.2 4.5 0.5 9.9 4.7 
bulk (mPa.s) 2.7 0.6 27.5 3.6 2.6 1.2 2.6 0.9 
70oC a (mPa.s) 9.9 1.0 31.4 3.7 7.4 2.0 6.9 1.3 
bulk (mPa.s) 2.1 0.8 22.5 2.7 2.0 0.6 4.6 2.1 
 
4. CONCLUSIONS 
Stable scCO2 emulsions and foams with the CO2 volume fraction of 0.75 were prepared 
for the first time at 25oC and 70oC respectively using CNC as a stabilizer in API brine in the 
presence and absence of DTAB. The results highlight that CNC in conjunction with DTAB can 
be used to generate high internal phase scCO2 emulsions and foams in brine that can be used for 
underground CO2 storage or EOR applications. The results showed that CNC suspension can 
stabilize scCO2 emulsions and foams that were resistant to creaming and macroscopic 
coalescence over 24 hours. In the presence of DTAB, the emulsions (and foams) volume 
decreased by 22.0±0.6 % at 25oC and 21.3±0.3 % at 70oC after 24 hours. At 70oC, CNC+DTAB 
stabilized emulsions showed bubble coarsening that was visible macroscopically. The stability of 
heptane and PFO emulsions at 25 and 70oC were studied. Emulsions were also prepared using 
heptane and PFO as organic phases to examine the effect of oil polarity on emulsion stability. 
The results show that comparatively polar heptane (π* = -0.07) formed stable emulsions at both 
25oC and 70oC. Interfaces of the non-polar PFO (π* = -0.41) and brine were not stabilized by 
either CNC or CNC+DTAB conjugates at either temperature tested. The examination of optical 
micrographs of heptane-brine emulsions prepared at 25oC suggested CNC+DTAB conjugates 
produced finer initial droplets, but significant droplet coalescence occurred; whereas in 
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emulsions stabilized using only CNC no coalescence was observed over 24 hours. CNC 
suspensions lowered ow between heptane and brine from 50.6±0.2 mN/m to 37.6±0.5 mN/m, 
however, the presence of CNC did not alter ow between PFO and brine, suggesting CNCs can 
adsorb onto the heptane/brine interface, but not onto PFO/brine interfaces. Furthermore, the 
presence of CNC increased ow between heptane and DTAB solutions in brine, but had no effect 
when PFO was used instead. Excess stress measurements of heptane emulsions showed that 
interfaces stabilized by CNC contributed more to the stress transferred compared to DTAB+CNC 
at 14.9 s-1, the opposite was true at higher shear rates. 
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CHAPTER 5  
 
General Conclusions and Future Recommendations 
 
The goal of this study was to understand the fundamental mechanisms, interfacial 
interactions, and physicochemical properties of oil and aqueous phases that control the 
adsorption of cellulose nanocrystals (CNC) to liquid-liquid and gas-liquid interfaces in brine in 
the presence/absence of various surfactants. The key idea behind studying these complex 
phenomena was to understand key parameters that can be controlled while using CNC as an 
emulsion/foam stabilizer for multiple applications such as underground storage of supercritical 
CO2, enhanced oil recovery applications, and enhancing the rate and extent of petroleum 
biodegradation. This section highlights the major conclusions of each chapter discussed in this 
dissertation. 
 
Objective 1: Understand the interfacial interactions between CNC and surfactants in brine at the 
oil-brine interface. 
The study in Chapter 2 successfully identified CNC can be used to stabilize dodecane-
brine emulsions of water phase volume fraction ranging from 0.25-0.9. It elucidated that at high 
ionic strength (I=1.9M and 0.65M) intermolecular interactions such as H-bonding, ion-dipole 
interactions, and short-range electrostatic interactions were involved in adsorption of surfactants 
onto CNC surface. The study also highlighted that the wettability of CNC by brine and oil 
content in emulsions are more critical to emulsion stability that surfactant adsorption. 
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Future Recommendations 1:  
Surface modifications of CNC to increase the hydrophobicity of CNC could enhance the 
ability of these nanoparticles to stabilize emulsions more efficiently and is one research area that 
could be explored. Furthermore, such modifications could allow for stabilization of emulsions at 
lower ionic strength aqueous solutions as well, these modifications would enable researching 
possibilities of using CNCs as food-grade emulsifiers.  
Objective 2: Understand surface and physicochemical properties that controls emulsion stability 
and biodegradation of crude oil  
The study in Chapter 3 relates to the emulsification of crude oil by CNC in brine 
solutions without using any surfactants to enhance the microbial degradation of crude oil. The 
findings of the study indicate that the emulsification of crude oil by CNC enhances the 
biodegradation of aliphatic hydrocarbons possibly due to the increase in surface area of the oil 
available for bacteria to adsorb and degrade. It was also found that physicochemical parameters 
such as ionic strength of aqueous phase, presence of divalent cations, and CNC concentration 
affect the emulsion stability which in turn affects the extent of biodegradation. 
Future Recommendations 2: 
The use of microbial consortia commonly found in oil wells that are better adapted to 
degrade crude oil instead of a one bacteria could improve the extent of biodegradation of crude 
oil and could provide a significant step towards examining the potential use of CNCs for large 
scale oil-spill cleanup operations in a marine environment. To that end, for large scale 
operations, the efficiency of degradation needs to be comparable or better than currently 
available chemical dispersants thus comparing the performance of CNC with chemical 
dispersants would be an important research step. 
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Objective 3: Apply understandings of interactions and mechanisms from earlier studies to 
prepare stable emulsions and foams of scCO2 using CNC at 70
oC and 3000psig 
In this study, we concluded that the polarity of the oil phase is critical to the stabilization 
of emulsions and foams using CNC. It was found that CNC and CNC+DTAB could stabilize 
scCO2 emulsions upto the CO2 volume fraction of 0.75. An emulsion stability study on model 
fluids heptane and perfluorooctane suggested that polarity of the oil phase is a crucial factor in 
determining emulsion stability. Comparatively, polar heptane produced stable emulsions at both 
room temperature and 70oC whereas, non-polar perfluorooctane did not produce emulsions at 
either temperature. 
Future Recommendations 3: 
Future research should be designed to produce stable scCO2 emulsions and foams with a 
higher volume fraction of CO2. Surface modification of CNCs with hydrophobic thermostable 
polymers could potentially be used to increase the water contact angle of the CNC that could 
potentially increase the volume fraction of CO2 that can be entrapped as emulsion/foam.  
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APPENDIX A 
 
Chemical Structures of the emulsifiers used  
 
Figure S1.1: Chemical structure of emulsifiers. 
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Sulfur Content Measurements 
 
Figure S1.2: Conductometric titration of 2wt% CNC sample with 0.01 M NaOH.  
 
The Sulphur content on the surface of CNCs was estimated using the equation (1) below. The pH 
of 2wt.% CNC suspension was adjusted to 2.4 and titrated against 0.01M NaOH.  
%𝑆 = (
𝑉𝑁𝑎𝑂𝐻𝐶𝑁𝑎𝑂𝐻𝑀𝑊𝑠𝑢𝑙𝑝ℎ𝑢𝑟
𝑚𝑠𝑢𝑠𝑝𝐶𝑠𝑢𝑠𝑝
) × 100   (1) 
The result indicated that 0.045±0.018 g-Sulphur/g- cellulose was present on the surface of the 
CNC used in this study (Figure S3). Abitbol et al found the average sulfur content of cotton 
derived cellulose nanocrystals having a length of 131 nm to be approximately 0.058 g-S/g- 
cellulose.  
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Identification of Dispersed and Continuous Phases 
 
Figure S1.3: Conductivity measurement vs volume fraction of the aqueous phase of emulsions. 
The graph on the left represents CNC emulsions in API brine while the one on the right 
represents CNC emulsions in SSW. In both cases, no emulsifiers were used for preparing 
emulsions. 
 
The types of emulsions formed were identified using conductivity experiments. The measured 
conductivity was fit to a power-law equation for O/W emulsions 
𝐾𝑒𝑚 = 𝐾𝑎𝑞𝜙𝑎𝑞
𝑚    
Where Kem is the conductivity of emulsion, Kaq is the conductivity of pure aqueous phase, aq is 
the volume fraction of aqueous phase and m is a constant that ranges between 1 and 1.5 for all 
O/W emulsions. In emulsions prepared in API brine and SSW, the fitted value for Kaq was 
139.86 and 49.99 respectively. The value-form was calculated at 1.4183 for API brine and 
1.3853 for SSW. 
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Raman Spectra of OGP and DTAB in brines with and without CNC  
 
Figure S1.4: Full Raman spectra of a) DTAB in API w and w/o CNC, b) OGP in API w and w/o 
CNC, c) DTAB in SSW w and w/o CNC and d) OGP in SSW w and w/o CNC. 
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Raman Spectra of CNC and CAA at different pH 
 
Figure S1.5: Raman Spectra of OH stretching region of CAA+CNC in API Brine at different pH 
Figure S1.5 depicts the Raman spectra of CAA+CNC in API brine at different pH. The 
isoelectric point of CAA in DI water is at pH 9.2. The spectra in the above figure thus represent 
CAA with a positively charged head group (pH 2.1), uncharged head group (9.1) and negatively 
charged head group (10.5). Differences in peak structure within the OH stretching region 
indicates a prevalence of ionic interactions. 
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Zeta Potential 
 
Figure S1.6: pH vs zeta potential curve for DTAB (red circles) and CAA (blue circles) 
Zeta potential (ZP) of DTAB and CAA was measured using Malvern Zetasizer Nano S. 
Concentrated solutions of surfactant (at least higher than its CMC) were prepared in 10mM NaCl 
solution, the solution was then passed through 0.4 μm syringe filter. The filtered solution was 
then used to thoroughly rinse the zeta cell before measurements. The CMC of OGP is 
excessively large and the zeta potential could not be measured; however, it is well known to be a 
neutral surfactant.  
Figure S1.6 shows the effect of pH on the net charge on the head of surfactants studied. 
In the pH range between 3 and 10, DTAB remained positively charged with zeta potential 
ranging between +40mV and +50mV. CAA, on the other hand, which has an amine group that 
can be protonated relatively was a negative charge (ZP= -20mV) at pH 10 and positively charged 
at lower pHs. The isoelectric point for CAA was measured at pH 9.  
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Effect of CNC on the Surface tension of Surfactants in DI Water 
 
Figure S1.7: Air/DI water surface tensions (γAW) at various aqueous-phase concentrations of a) 
DTAB and b) CAA. The aqueous phase was either equilibrated with (blue circle ) and without 
(orange circle ) 0.5% w/w cellulose nanocrystals 
 
Figure S1.7 indicates that in DI water DTAB and CAA interact with CNC in DI water while no 
change in surface tension was observed when Guar was added to the DI water solution. This 
indicates that in DI water the electrostatic interaction between negatively charged CNC and 
positively charged surfactants is the driving force for adsorption of surfactants onto the surface 
of CNC. 
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Derivation of adsorption energy for cylindrical nanoparticles 
 
Derivation 1.1: ΔE calculated for CNCs in the presence of surfactants based on Pawel 
Pieranski’s approach; assuming that CNCs are hydrophilic cylindrical particles (radius r and 
length L), lying flat on the oil-water interface. 
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Emulsion Stability in DI water and Brine 
 
Figure S1.8: Representative emulsions prepared using dodecane in DI water and Brine. a) and b) 
are emulsions in DI water immediately before mixing and after 1 min respectively and c) and d) 
are emulsions in API brine immediately before mixing and after 1 min respectively 
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Emulsion with different volume ratios prepared using CNC only  
 
Figure S1.9: Representative samples of the emulsion prepared using CNC particles in API (left 
panel) and SSW (right panel) as the aqueous phase and dodecane as the organic phase. a) and c) 
are images were taken immediately after emulsification in API and SSW respectively and b) and 
d) are pictures of emulsion taken after 24 hours standing on the benchtop at room temperature. 
Numbers on the top of the vials indicate the ratio of aqueous phase to dodecane in the emulsion. 
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Emulsion stability in terms of creaming 
 
Figure S1.10: Creaming front of emulsions prepared in API Brine a), b) and c) and in SSW d), e) 
and f). The numbers on the top left corner of each graph indicate the volume ratio of the aqueous 
phase to the oil phase in a sample. Errors indicate standard deviation. 
Among the emulsions prepared in API brine, the least stable to creaming was the one that had 
CNC and CAA with 25% v/v aqueous phase.  Approximately 38% of the water eluted from the 
sample indicating that only 62% of the aqueous phase was retained in the emulsion. Similarly, 
among emulsions prepared in SSW, the emulsion most susceptible to creaming was also the one 
containing CNC and CAA with 25% v/v aqueous phase.  However, in the latter case, only 22% 
of water eluted from the sample, retaining 78% of the aqueous phase in the emulsion after 24 
hours. 
Polymeric emulsifiers, like guar gum, have a different stabilization mechanism than small-
molecule surfactants; they increase the viscosity of the aqueous continuous phase and can 
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provide steric repulsion between the oil droplets. However, adding guar to the CNC did not 
improve emulsion stability.  Similar to CAA, the contact angle of guar solutions in brine was 
very low, indicating a high wettability on the CNC surface and thus preferential desorption from 
the dodecane/brine interface.  
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APPENDIX B 
 
 
Sulfur content on CNC surface  
 
 
Figure S2.1: Conductometric titration of 2wt % CNC with 0.01M NaOH 
 
The surface of CNC produced by sulfuric acid hydrolysis is covered with sulfonate -
HSO3 groups. The amount of sulfur on the surface of CNCs was estimated by titrating 2 wt% 
CNC with 0.01M NaOH and monitoring the conductivity. The endpoint of the titration is given 
by the point of intersection between 2 arms of the curve. The sulfur content can then be 
calculated using equation 1.[185] The pH of 2wt.% CNC suspension was adjusted to 2.4 and 
titrated against 0.01M NaOH.  
%𝑆 = (
𝑉𝑁𝑎𝑂𝐻𝐶𝑁𝑎𝑂𝐻𝑀𝑊𝑠𝑢𝑙𝑝ℎ𝑢𝑟
𝑚𝑠𝑢𝑠𝑝𝐶𝑠𝑢𝑠𝑝
) × 100   (1) 
In equation (1) VNaOH is the volume of base required to neutralize the -HSO3, CNaOH is the 
concentration of base used for titration, msusp, and Csusp are mass and concentration of 
CNCsuspension used for titration respectively. The result indicated that 0.045±0.018 g-
Sulphur/g- cellulose was present on the surface of the CNC used in this study (Figure S1).  
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Identification of emulsion type 
 
 
Figure S2.2: Conductivity of emulsions stabilized by 0.8wt % CNC plotted as the function of volume 
fraction of a) API brine and b) SSW. 
 
The types of emulsions formed were identified using conductivity experiments. The measured 
conductivity was fit to a power-law equation for O/W emulsions 
𝐾𝑒𝑚 = 𝐾𝑎𝑞𝜙𝑤
𝑚    (2) 
Where Kem is the conductivity of emulsion, Kaq is the conductivity of pure aqueous phase, w is 
the volume fraction of aqueous phase and m is a constant that ranges between 1 and 1.5 for all 
O/W emulsions.[268] In emulsions prepared in API brine and SSW, the fitted value for Kaq was 
116.51 and 49.31 respectively. The value for m was calculated at 1.51 for API brine and 1.38 for 
SSW. 
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Sauter mean diameter (D[3,2]) and hypothesis test of emulsions prepared 
 
Table S2.1: Sauter mean diameter of crude oil emulsion droplets under various physicochemical 
parameters 
  0 hr 24 hr   
Samples D[3,2
] 
Standard 
deviation 
D[3,2] Standard 
deviation 
Hypothesis test 
0.4% API CNC 36.0 12.5 32.5 11.2 Do not reject null 
hypothesis 
0.8% API CNC 34.5 12.3 32.6 11.5 Reject null 
hypothesis 
1% API CNC 29.4 10.4 33.1 11.4 Reject null 
hypothesis 
0.8% CNC SSW CNC 32.8 11.0 33.2 11.2 Do not reject null 
hypothesis 
0.8% CNC 1.9M NaCl 38.1 13.8 30.2 9.7 Do not reject null 
hypothesis 
0.8% CNC 0.65 M NaCl 39.0 12.6 37.9 12.9 Do not reject null 
hypothesis 
0.8% CNC 0.32M NaCl 
+ CNC 
36.3 13.3 35.2 12.8 Do not reject null 
hypothesis 
0.8% CNC 0.95M 
NaCl+CNC 
30.6 11.1 30.1 10.9 Do not reject null 
hypothesis 
 
Table S2.1 provides a summary of D[3,2] values of emulsion droplets immediately after 
emulsification and after 24 hours under different physicochemical conditions. D[3,2] values were 
compared to examine the coalescence of droplets. In addition, statistical analysis was performed 
to verify changes in the means at 95% confidence The emulsion droplets were log-normally 
distributed, z statistics test was carried out for droplets population of ‘n’ and ‘m’ had the 
population mean of  ̂1 and  ̂2 at t=0 and t=24 hours respectively after emulsification. In order to 
verify the changes, the null hypothesis (H0) and alternate hypothesis (Ha) were defined as  
H0:  ̂1= ̂2 vs Ha:  ̂1≠ ̂2 
 For log-normal distribution, the population mean ( ̂i) was calculated using the equation 
(3).[269] 
?̂?1 =
∑ log 𝑥1
𝑛
  and ?̂?2 =
∑ log 𝑥2
𝑚
  (3) 
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The z value for the log-normal distribution was calculated using equation 4.  
𝑧 =
?̂?1−?̂?2+(
𝑠1
2+𝑠2
2
2
)−𝜓0
√
𝑠1
2
𝑛
+
𝑠2
2
𝑚
+
1
2
(
𝑠1
4
𝑛−1
+
𝑠2
4
𝑚−1
)
  (4) 
where 𝑠1
2 and  𝑠2
2 are estimators of population standard deviation and 0 is the difference 
between the  ̂1 and  ̂2 in the null hypothesis and is equal to zero in this case. In equation 4, the 
terms 𝑠1
2 and  𝑠2
2 are calculated using sets of equation 5. 
𝑠1
2 =
∑(log 𝑥1−?̂?1)
2
𝑛−1
 and  𝑠2
2 =
∑(log 𝑥2−?̂?2)
2
𝑚−1
  (5) 
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APPENDIX C 
 
 
Figure S3.1: Cross-section of view cell attached to an apparatus for measuring gow at high 
temperature and pressure 
 
The interfacial tension between oil phase/CO2 and brine was measured at elevated temperatures 
and pressures using an apparatus fabricated in-house with a high-pressure view cell with a 
sapphire window attached to it to take images of the droplets for axisymmetric droplet analysis. 
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Properties of heptane emulsion droplets at 25oC 
Table S3.1: Properties of heptane emulsion droplets prepared at 25oC 
Sample w 
 
Average (m) D[3,2] (m) D[4,3] (m) Std. dev (m) 
DTAB only 0.25 d0 12.6 30.0 41.8 9.3 
d1 -- -- -- -- 
0.2 d0 12.7 23.8 32.7 7.5 
d1 -- -- -- -- 
0.1 d0 9.8 33.6 53.5 9.2 
d1 -- -- -- -- 
CNC only  0.25 d0 24.6 79.3 108.9 19.7 
d1 26.9 13.7 80.9 25.0 
0.2 d0 21.4 59.4 80.1 19.5 
d1 21.8 45.8 56.0 16.5 
0.1 d0 17.5 56.8 73.4 17.8 
d1 31.7 82.4 102.6 29.1 
CNC+DTAB 0.25 d0 14.5 27.0 34.5 9.1 
d1 20.9 58.0 81.0 17.9 
0.2 d0 14.9 32.4 40.9 11.0 
d1 17.1 99.0 136.1 22.5 
0.1 d0 16.0 22.7 25.5 7.5 
d1 17.5 42.0 68.3 12.4 
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Viscosities of CNC dispersions in API brine 
The viscosities of CNC dispersions in API brine were measured in the presence and absence of 
cationic surfactant DTAB as the function of shear rate at ambient temperature and pressure using 
a rotational viscometer. The results indicate that the emulsification of heptane by CNC  and/or 
CNC+DTAB increases the viscosity. Furthermore, emulsification appears to flip the viscosities 
with viscosities of CNC stabilized emulsions appearing to be higher than CNC+DTAB stabilized 
emulsion. The viscosity of aqueous phase CNC+DTAB appears to be slightly higher for all shear 
rate measured but the measured difference is not significant enough to draw clear conclusions. 
The results suggest that heptane-brine interfaces stabilized CNC only has a higher contribution to 
viscosity than interface stabilized by CNC+DTAB. 
 
Figure S3.2: Viscosities of CNC dispersions in API brine with DTAB and without DTAB 
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Figure S3.4: Phase-separated CO2 and CNC suspension at 25
oC immediately after passing 
through the beadpack. 
 
CNC dispersions were not able to stabilize scCO2 emulsions and foams at CO2 volume fractions 
higher than 0.75. Figure S3 is a representative picture of CO2 (c =0.8) emulsion stabilized using 
CNC alone. Figure S3 shows that at c higher than 0.75, CNC suspension was not able to 
stabilize CO2 emulsions. This could be because as the volume fraction of the discrete phase 
increases the amount of CNC available 
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